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ABSTRACT
The re a c tio n s  o f p e ro x o d isu lp h a te  w ith  m a n g an ese (ll) , n i t r i t e  
and chrom ium (III) have been s tu d ie d  in  th e  re g io n  o f 60°C,
In  th e  main in tr o d u c tio n  a su rvey  i s  made o f p u b lish ed  work on 
th e  r e a c t io n  o f p e ro x o d isu lp h a te  w ith  m ainly in o rg a n ic  s u b s t r a te s .
The o x id a tio n  o f  m anganese(II) to  manganese(lV) was c a r r ie d  out 
in  su lp h a te  media fo r  most o f  th e  k in e t ic  in v e s t ig a t io n .  The re a c t io n  
was found to  be f i r s t  o rd e r w ith  re s p e c t to  p e ro x o d isu lp h a te  and zero  
o rd e r w ith  re s p e c t to  m an g an ese(II). D esp ite  t h i s ,  however, th e  observed 
f i r s t  o rd e r r a te  c o n s ta n t i s  g r e a te r  th an  th a t  o f  th e  therm al decom position 
o f p e ro x o d isu lp h a te  in  th e  absence o f manganese( I I ) .  The e f f e c t  o f  added 
s a l t s  on th e  r a t e  o f  th e  r e a c t io n  i s  n e g l ig ib le  though th e  re a c t io n  i s  
s e n s i t iv e  to  some im p u r i t ie s ,  added s u rfa c e  and f r e e  r a d ic a l  scavengers 
which a l l  r e ta r d  i t .  The a c t iv a t io n  energy which i s  31«5 kcal/m ole  i s  
on ly  2 k cal/m ole  low er th an  th a t  fo r  th e  th erm al decom position o f  
p e ro x o d isu lp h a te  a lo n e . A ch a in  mechanism c o n s is te n t  w ith  th e  observed 
k in e t ic s  i s  p roposed .
The o x id a tio n  o f  n i t r i t e  was c a r r ie d  out in  phosphate m edia. The 
redox r e a c t io n  i s  o f  th e  second o rd e r , being  f i r s t  o rd e r w ith  re s p e c t to  each 
r e a c ta n t .  C ations c a ta ly z e  th e  r e a c t io n  and th e  e x te n t o f  c a ta ly s i s  depends 
on th e  n a tu re  and c o n c e n tra tio n  o f c a t io n .  The a c t iv a t io n  energy fo r  th e  
redox r e a c t io n  i s  k c a l/m o le . E , s , r ,  sp ec tro sco p y  d id  n o t r e v e a l  any 
s ta b le  o r d e te c ta b le  f r e e  r a d i c a l s .  R eaction  mechanisms a re  p roposed .
The p ero x o d isu lp h a te  -  chrom iura(III) r e a c t io n  was c a r r ie d  out in  
a c id  -  p e rc h lo ra te  media and a c id  -  su lp h a te  m edia. The o x id a tio n  o f 
chrom ium (III) to  chromium(VI) i s  f a s t e r  in  th e  second medium than  in  th e  
f i r s t ,
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C H A P T E R
I N T R O D U C T I O N
CHAPTER I
6 ,
I N T R O D U C T I O N
The p e ro x o d isu lp h a te  io n  i s  one o f  th e  s tro n g e s t  o x id iz in g  ag en ts  
known in  aqueous s o lu t io n ,  and the  s tan d a rd  redox p o te n t ia l  fo r  th e  r e a c t io n
SgOg^" + 2e = 280j^^~   [1 ]
( 1 )i s  2-01 v o l t s  . Many o f  th e  r e a c t io n s  in v o lv in g  t h i s  io n  a re  very  slow
a t  o rd in a ry  tem p era tu res  b u t th e  a d d it io n  o f  a  c a ta ly s t  re n d e rs  th e  r e a c t io n
(2 )f a s t  e n o u ^  to  be s tu d ie d  k in e t i c a l l y  a t  room tem peratu re  • The c a ta ly s t
which has been s tu d ie d  most w idely  in  t h i s  r e s p e c t  i s  the  s i l v e r ( I )  io n ^ ^ ’^ ’^ ’^^
Some work has  a lso  been done on re a c t io n s  in v o lv in g  th e  p e ro x o d isu lp h a te
io n  u s in g  c o p p e r(II)  a s  c a ta ly s t^ ^ '^ '^ ^ .  O ther c a ta ly s t s  have a lso  been
( 10)examined to  see  i f  they  a f f e c t  th e  decom position  o f  p e ro x o d isu lp h a te  
because many o x id a tio n s  by t h i s  io n  seem commonly to  occur a s  a  secondary 
e f f e c t  fo llo w in g  i t s  decom position .
T h ro u ^ o u t t h i s  work we w i l l  be u s in g  th e  term  p e ro x o d isu lp h a te  which
( 11 )i s  th e  nom enclature o f  th e  I n te r n a t io n a l  Union o f  Pure and A pplied Chem istry 
a l t h o u ^  th e  term s p e ro x y d isu lp h a te  and p e rsu lp h a te  a re  s t i l l  in  wide u se .
The S tru c tu re  o f  P e ro x o d isu lp h a te  Ion
( 12)Mooney and Z ach ariasen  determ ined  th e  c r y s ta l  l a t t i c e  s t r u c tu r e s  
o f  ammonium and caesium p e ro x o d isu lp h a te  s .  They concludéd th a t  th e  
p e ro x o d isu lp h a te  io n  may be p ic tu r e d  a s  two su lp h a te  groups l in k e d  by a  
bond a c ro ss  a  c en tre  o f  symmetry between two oxygen atoms and th a t  ea<di 
su lp h u r atom i s  te t r a h e d r a l ly  surrounded by fo u r  oxygen atoms a t  a  d is ta n c e  
o f  1.50  X. The oxygen-oxygen bond le n g th  was determ ined by th e se  a u th o rs  
a s  1.31  X ,  and b o th  sulphur-oxygen-oxygen in te rb o n d  a n ^ e s  a s  128° .
CHAPTER I
6 ,
I N T R O D U C T I O N
The p e ro x o d isu lp h a te  io n  i s  one o f  th e  s tro n g e s t  o x id iz in g  ag en ts  
known in  aqueous s o lu t io n ,  and the  s tan d a rd  redox p o te n t ia l  fo r  th e  r e a c t io n
SgOg^" + 2e = 2S0^^'   [1 ]
( 1 )i s  2.01 v o l t s  • Many o f  th e  re a c t io n s  in v o lv in g  t h i s  io n  a re  very  slow
a t  o rd in a ry  tem p era tu res  b u t th e  a d d it io n  o f  a  c a ta ly s t  ren d e rs  th e  r e a c t io n
(2)f a s t  enough to  be s tu d ie d  k in e t i c a l l y  a t  room tem peratu re  . The c a ta ly s t
which has been s tu d ie d  most w idely  in  t h i s  r e s p e c t  i s  the  s i l v e r ( l )  io n ^ ^ ’^*^’^^
Some work h as a lso  been done on r e a c t io n s  in v o lv in g  th e  p e ro x o d isu lp h a te
io n  u s in g  c o p p e r(II)  a s  c a ta ly s t^ ^ '^ * ^ ^ .  O ther c a ta ly s t s  have a lso  been
( 10)examined to  see i f  they  a f f e c t  th e  decom position  o f  p e ro x o d isu lp h a te  
because many o x id a tio n s  by t h i s  io n  seem commonly to  occur as  a  secondary 
e f f e c t  fo llo w in g  i t s  decom position .
Throughout t h i s  work we w i l l  be u s in g  the  term  p ero x o d isu lp h a te  which
( 11)i s  th e  nom enclature o f  th e  I n te r n a t io n a l  Union o f  Pure and A pplied Chem istry 
a lthough  th e  term s p e ro x y d isu lp h a te  and p e rsu lp h a te  a re  s t i l l  in  wide u se .
The S tru c tu re  o f  P ero x o d isu lp h a te  Ion
( 12)Mooney and Z achariasen  determ ined  th e  c r y s ta l  l a t t i c e  s t r u c tu r e s  
o f  ammonium and caesium p e ro x o d isu lp h a te s . They concludéd th a t  th e  
p e ro x o d isu lp h a te  io n  may be p ic tu re d  a s  two su lp h a te  groups l in k e d  by a  
bond a c ro ss  a  c en tre  o f  symmetry between two oxygen atoms and th a t  each 
su lp h u r atom i s  te t r a h e d r a l ly  surrounded by fo u r  oa^gen atoms a t  a  d is ta n c e  
o f  1.50  X .  The oxygen-oxygen bond le n g th  was determ ined by th e se  a u th o rs  
a s  1.31 X ,  and bo th  sulphur-oxygen-oxygen in te rb o n d  an g le s  a s  128° .
7 .
M olar m agnetic s u s c e p t i b i l i t i e s  and in f r a r e d  a b so rp tio n s  o f  ammonium 
and potassium  p e ro x o d isu lp h a te s  a lso  in d ic a te  th e  form ula (80^ where n 
i s  a t  l e a s t  The Raman s p e c tra  o f  sodium and ammonium p e ro x o d isu lp h a tes
were in v e s t ig a te d  by Simon and R i c h t e r ^ a n d  t h e i r  r e s u l t s  confirm  th e  s t r u c tu r
© Sulphur
0 Oxygen
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T h is  s t r u c tu r e  -  a s  w i l l  be d iscu ssed  l a t e r  -  i s  c o n s is te n t  w ith  many a sp e c ts
o f  p e ro x o d isu lp h a te  r e a c t io n s .
P e ro x o d isu lp h a te  i s  w idely  used , and has been (and i s  s t i l l  being)
e x te n s iv e ly  s tu d ie d . I t s  im portance l i e s  m ainly in  i t s  o x id iz in g  p ro p e rty
and in  i t s  a b i l i t y  to  fu rn is h  f re e  r a d ic a l s .  I t  i s  th e  l a t t e r  p ro p e rty  which
makes th e  p e ro x o d isu lp h a te  io n  an im p o rtan t i n i t i a t o r  o f  p o ly m eriza tio n  o f  
(15 l6  17)o rg an ic  m olecu les ’ ’ and th e  in d u s t r i a l  im portance o f  t h i s  can h a rd ly
be o v er-estim ated ^
The Thermal Decom position o f  P e ro x o d isu lp h a te
House review ed some a sp e c ts  o f  the  k in e t i c s  and mechanisms o f  o x id a tio n s
( 2 )by th e  p e ro x o d isu lp h a te  io n  and covered the  l i t e r a t u r e  p u b lish ed  p r io r  to  
1961. I t  can be seen  from t h i s  review  and o th e r  p u b lic a t io n s  th a t  many o f  the  
un c a ta ly zed  re a c t io n s  in v o lv in g  t h i s  io n  reach  a  m easurable r a t e  on ly  a t  o r  
above tem p era tu res  where i t s  decom position becomes s ig n i f i c a n t .  T herefo re  
i t  i s  lo g ic a l  to  assume th a t  p e ro x o d isu lp h a te  o x id a tio n s  o f te n  in v o lv e  sp e c ie s  
r e s u l t in g  from i t s  decom position .
8 .
P ero x o d isu lp h a te  decomposes acco rd in g  to  th e  fo llow ing
( 2 )s to ic h e io m e tr ie s
(a) in  a lk a l in e  o r  n e u tr a l  s o lu tio n
SgOgZ" + H^ O = 2HS0^' + 4 ° 2    [2 ]
(b) in  d i lu te  a c id  s o lu t io n
S^Og^' + 2HgO = 2HS0 ‘^  + HgOg   [J ]
(c) in  s tro n g  a c id  s o lu t io n
S^Og^" + SgO = HgSO + s o / "    [4 ]
( 19)B a r t l e t t  and Cotman s tu d ie d  th e  decom position  o f  po tassium  
p e ro x o d isu lp h a te  in  aqueous s o lu t io n  and in  aqueous s o lu t io n s  o f  m ethanol 
a t  a  tem peratu re  o f  79»8°C and a t  pH 8 . They found th a t  th e  decom position 
i s  f i r s t  o rd e r  in  aqueous s o lu t io n  and th a t  th e  a d d it io n  o f  m ethanol 
(1 m o le /l)  in c re a s e s  th e  r a te  (up to  25 fo ld )  and changes th e  o rd e r  
tow ards 3 /2 . They proposed two mechanisms to  accoun t fo r  th e  observed 
k in e t i c s ,  bo th  hav ing  a s  t h e i r  r a te  d e te rm in in g  s te p  th e  sym m etrical ru p tu re  
o f  the  0-0  bond o f  th e  p e ro x o d isu lp h a te  io n  to  g ive two su lp h a te  io n - r a d ic a ls .
The p ro p o sa ls  a r e :
(a ) a  non -cha in  mechanism com prising th e  fo llow ing  s te p s :
2 -  ^5
%  280^   [ 5]
s o /  + H O ^ H SO / + OH . . . . . .  [6]
K.
20H > HgO + jO g   [7 ]
9 .
(b) a chain  mechanism com prising s te p s  [5 ] and [6 ] above
p lu s  s te p s  [8 ] and [ 9 ] ;
? k _ .
S^Os > 280^.............................................. ............ [5 ]
k^
SO^' + H^O - -  ■ »  H80^" + OH.............................. ............ [ 6 ]
? ko
OH + S^Og^" ■ - - ->  H80^~ + 80^" + { 0  ^ ............ [8]
OH + 80^  ^ — HSO^  ^+ %0 ............ [9]
Where eq u a tio n  [9] i s  regarded  by th e  a u th o rs  a s  the  chain  te rm in a tin g  
s te p .
I t  can be argued, however, th a t  oxygen atoms r a th e r  th an  m olecules a re  
formed in  s te p s  [ 8] and [9 ] and th a t  a  f u r th e r  s te p  C10] i s  th e  chain - 
te rm in a tin g  s te p :
_ so lv e n t _ _ ^
0 + 0 ------------ >  0   [10]
M oreover th e re  i s  a  p o s s i b i l i t y  th a t  two OH r a d ic a ls  can come to g e th e r  
a s  suggested  by s te p  [73 and ag a in  e v e n tu a lly  le a d  to  th e  fo rm ation  
o f  oxygen m olecu les a s  in  [1 0 ] . There i s  a lso  th e  p o s s i b i l i t y  o f  
0 and OH r a d ic a l s  c o l l id in g  to  g ive HO  ^ a s  a n o th e r p o s s ib le  in te rm e d ia te
0 + OH   >  HO  ^   [11]
which e v e n tu a lly  le a d s  to  the  o v e ra l l  r e a c t io n s
HOg + OH ^  0^ + H^O   [12]
HO  ^ + 80^  ^ — 0^ + H802^  . . . . .  [ 13]
10.
In  a  so lv e n t th e  c o l l i s io n s  0 + OH must be o f  an in te rm e d ia te  
frequency to  c o l l i s io n s  0 + 0  and OH + OH and th e re fo re  s te p  [113 
i s  o f  secondary im portance whereas e i t h e r  [ 10] o r  [? ]  i s  f i r s t  and 
th e  o th e r  one th i r d .
B a r t l e t t  and Cotman, however, p re fe r re d  the  f i r s t  non-chain  to  the
chain  mechanism because they  d id  n o t observe any auto  c a ta ly s is  which could
be a t t r ib u te d  to  f re e  r a d ic a ls  produced in  th e  decom position in ducing
f u r th e r  decom position o f  th e  io n , a lth o u g h  -  a s  w i l l  be seen  l a t e r  -  the
chain  mechanism e x p la in s  the  unc a ta ly zed  f i r s t  o rd e r  p e ro x o d isu lp h a te  r e a c t io n s
more s a t i s f a c t o r i l y .
The f a c t  th a t  su lp h a te  io n - r a d ic a ls  a re  produced by th e  decom position
o f  p e ro x o d isu lp h a te  i s  w e ll e s ta b l is h e d . In  194? Smith and Campbell
re p o rte d  th a t  when p e ro x o d isu lp h a te  la b e l le d  w ith  su lp h u r- 35 i s  used to
i n i t i a t e  th e  p o ly m e riz a tio n  o f  s ty re n e  in  a  soap em ulsion, polym er fragm ents
c o n ta in in g  ra d io a c tiv e  su lp h u r can be s e p a ra te d .
( 21 )R iesebos and Aten k e p t s o lu t io n s  o f  pH 1, 7 and 10 c o n ta in in g  
po tassium  su lp h a te  l a b e l le d  w ith  su lp h u r- 35 and in a c t iv e  potassium  
p e ro x o d isu lp h a te  a t  room tem peratu re  fo r  a  week and observed no exchange o f  
su lp h u r n o t even when th e  s o lu t io n  o f  pH 10 was b o i le d .  S im ila r  r e s u l t s  were 
o b ta in ed  by E ager and McCallum^^^^ and E lk e le s  and B ro sse t^^^ ^ . These 
r e s u l t s  su g g es t th a t  mechanisms in v o lv in g  s te p s  l i k e
^2% ^'------------  ^ so^ + s o /"    [ 14]
SOit + ®°4^' ---- ^ 230/    [ 15]
(24)a s  proposed by some a u th o rs  o r
S2°8^" 1^7 7 ^  230/    [16]
s o /  + 8 0 /  ---->  s o /"  + 80^   [17]
(25)suggested  by o th e rs  a re  in c o r r e c t .
11.
K o lth o ff  and made an e x ten s iv e  in v e s t ig a t io n  o f  the
therm al decom position o f  p e ro x o d isu lp h a te  in  aqueous s o lu tio n  a t  50°C.
They observed  th a t  th e  r e a c t io n
(a) i s  f i r s t  o rd e r  in  p e ro x o d isu lp h a te
(b) i s  ca ta ly zed  by hydrogen io n
(c) has a  r a te  c o n s ta n t which i s  independent o f  io n ic  s t r e n g th
when th e  s o lu t io n  i s  n e u tr a l  o r  a lk a l in e  b u t th a t  th e re  i s  
a  n e g a tiv e  s a l t  e f f e c t  when th e  s o lu t io n  i s  a c id ic .
Moreover they  in v e s t ig a te d  th e  source o f  oxygen l ib e r a te d  in  th e  therm al 
d eco n p o sitio n  o f  p e ro x o d isu lp h a te  u s in g  w a te r en rich ed  w ith  oxygen-l8 . In  
n e u tr a l  o r  a lk a l in e  s o lu tio n s  th e  source  o f  oxygen i s  w a te r , whereas in  
a c id  s o lu t io n s  i t s  o r ig in  i s  p e ro x o d isu lp h a te . To accoun t fo r  a l l  th ese  
r e s u l t s  th e  a u th o rs  proposed  two mechanisms f o r  th e  decom position o f  
p e ro x o d isu lp h a te  -  one o f  which i s  u n ca ta ly zed  and an o th e r which i s  ca ta ly zed  
by hydrogen io n  acco rd in g  to  th e  fo llo w in g  r a t e  law :
-  dCSgOg^"] = kCSgOg^"] + kjjCHDCSjOg^"]    [ l8 ]
d t
where k  i s  th e  f i r s t  o rd e r  r a t e  c o n s ta n t f o r  th e  un c a ta ly zed  p a th  and kg i s  
th e  second o rd e r  r a t e  c o n s ta n t f o r  th e  hydrogen io n  dependent p a th .
For th e  k  p a th  K o lth o ff  and M il le r  accep ted  th e  non-chain  scheme o f  
B a r t l e t t  and Cotman^^^^ which i s  in  agreem ent w ith  th e  k in e t ic s  and th e  
r e s u l t s  o f  th e  t r a c e r  exp erim en ts . F or th e  hydrogen io n  ca ta ly zed  p a th  
they  proposed the  fo llo w in g  mechanism in  which th e  r a te  d e term in ing  s te p  i s  
a  b im o lecu la r a s s o c ia t io n  o f  a  hydrogen io n  and a  p e ro x o d isu lp h a te  io n  to  
form HS^Og fo llow ed by th e  unsym m etrical ru p tu re  o f  th e  0-0  bond, t h i s  
h e te r o ly s i s  be in g  due to  th e  a s s o c ia te d  hydrogen io n ;
12,
S Og^“ + h'*'  >  HSgOg"  >■ SO^  + H SO /   [19]
SO^  >  SO + iO g    [20]
SO, + HgO -----^  HgSO^   [21]
Here ag a in  th e  fo rm ation  o f  oxygen m olecu les in  a  m ech an is tic  s te p  can be 
q u estioned  and th e  p ro d u c tio n  o f  oxygen atoms which e v e n tu a lly  tu rn  up a s  
oxygen m olecules should  be con sid ered  in s te a d  o f  eq u a tio n  [20] .
These a u th o rs  a lso  suggested  th a t  in  s tro n g  a c id  (2  -  5 M HCIO^) 
re a c t io n  [ 22] occu rs
SO  ^ + H^O ---- ^  H^SO^   [22]
E quation  [20] e x p la in s  th e  f a c t  th a t  oxygen in  t h i s  p a th  o r ig in a te s  from
p e ro x o d isu lp h a te . However, Bawn and M argerison^^^ who s tu d ie d  th e  decom position
o f  p e ro x o d isu lp h a te  in  th e  p resen ce  o f  th e  r a d ic a l  scavenger d ip h e n y lp ic ry l-
hy d razy l (DPPH) found th e  r a t e  o f  d isap p earan ce  o f  DPPH to  be independent o f
pH in  th e  pH range 3 “ 7 which suggested  to  them th a t  e i t h e r  SO  ^ r a d ic a ls
were n o t p re s e n t  o r  th a t  i f  they  e x i s t  in  th e  system  then  th ey  do n o t show
th e  normal r e a c t i v i t y  a s s o c ia te d  w ith  f r e e  r a d i c a l s .  I t  may be surgued,
however, th a t  th e  kg p a th  o f  K o lth o ff  and M il le r  assumes im portance on ly
a t  pH v a lu es  low er th an  3» so t h a t  th e  r e s u l t s  o f  Bawn and M argerison a re
n o t in  d isagreem ent w ith  those  o f  K o lth o ff  and M il le r .
(27)Fronaeus and Ostman , see a s  th e  r a t e  d e term in ing  s te p  o f  th e  
u n ca ta ly zed  decom position  o f  p e ro x o d isu lp h a te  th e  b im o lecu la r r e a c t io n
SgOg^" + HgO ---->  s o /  + OH + H SO / . . . . . .  [25]
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r a th e r  th an  th e  unim ole c u la r  hom oly tic  s c is s io n  o f  the  0 -0  bond 
(eq u a tio n  [3 ])  as  suggested  by B a r t l e t t  and Cotman and accep ted  by 
K o lth o ff  and M il le r  and many o th e r  w orkers in  t h i s  f i e l d .  These au th o rs  
a r r iv e d  a t  t h i s  conclusion  th rough  t h e i r  s tudy  o f  the  c e r iu m (II I ) -  
p e ro x o d isu lp h a te  r e a c t io n  in  p e rc h lo r ic  acid -sod ium  p e rc h lo ra te  m edia. 
They found th a t  the  fo llo w in g  r a te  law h o ld s  f o r  th e  re a c t io n
d[C e(IV )J = k X  [CeCllDJCSgOgZ-] 
d t  1 + X' [Ce( I I I ) ]
where OC and k a re  c o n s ta n ts  and th e  va lu e  o f  k i s  found to  be th e  same 
a s  t h a t  o f  k in  e q u a tio n  Cl8] o f  K o lth o ff  and M il le r .  When sodium su lp h a te  
i s  used a s  p a r t  o f  th e  io n ic  medium and when the  c o n c e n tra tio n  o f  c e r iu m (III)  
i s  h ig h e r  than  0.1  m mole/L th e  va lue  o f  was found to  be so h i ^  th a t  
th e  r a te  tends tow ards a  maximum value
d[C e(IV )] = kCSgOgZ"] . . . . . .  [ 25]
d t
They concluded th a t ;
(a) c e r iu m (III)  i s  o x id ized  on ly  by in te rm e d ia te s  formed in  the
un ca ta ly z ed  p a th  o f  th e  p e ro x o d isu lp h a te  d eco n p o s itio n ;
(b) i f  th e  r a t e  d e te rm in in g  s te p  i s  t h a t  suggested  by B a r t l e t t
and Cotman (e q u a tio n  C5: ]) and i f  on ly  su lp h a te  io n  r a d ic a ls
o x id iz e  cerium ( I I I )  th en  th e  maximum r a te  should  be BkCS^Og^"] 
and n o t kCS^Og^ ] ,  which su g g es ts  t h a t  on ly  one su lp h a te  io n -  
r a d ic a l  i s  produced in  th e  r a t e  d e term in ing  s te p  p ro v in g  th a t  
eq u a tio n  [ 23] and n o t [5 ]  i s  th e  c o r re c t  r e p re s e n ta t io n  o f  th e  
r a t e  d e te rm in in g  s te p .
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These au th o rs  made a n o th e r s tu d y  o f  th e  same re a c t io n ,  t h i s  tim e 
fo llo w in g  i t  by m easuring th e  r a t e  o f  e v o lu tio n  o f  oxygen g a s ^ ^ ^ \  The 
r a te  o f  e v o lu tio n  o f  oxygen i s  found to  rem ain c o n s ta n t w h ile  c e r iu m (II I )  
is  p re s e n t b u t a s  the  c e r iu m (III)  becomes exh au sted , th e  r a t e  o f  oxygen 
e v o lu tio n  r i s e s  to  th a t  produced by p e ro x o d isu lp h a te  a lone  in  th e  same 
medium. T his in d ic a te s  th a t  (a ) th e  r a te  o f  fo rm ation  o f  cerium (IV ) i s  
independent o f  c e r iu m (III)  c o n c e n tra tio n  and th a t  (b) th e  o x id iz in g  r a d ic a l s  
a re  e f f e c t iv e ly  cap tu red  a s  was assumed in  t h e i r  e a r l i e r  w oik. M oreover 
when the  r a t e s  o f  e v o lu tio n  o f  oxygen in  p re sen ce  and absence o f  c e r iu m (II I )  
a re  p lo t te d  a g a in s t  hydrogen io n  c o n c e n tra tio n , two s t r a i ^ t  l i n e s  p a r a l l e l  
to  each o th e r  a re  o b ta in e d . T h is r e s u l t  shows -  in d i r e c t ly  -  t h a t  the  
r a te  o f  o x id a tio n  o f  c e r iu m (III)  i s  independen t o f  hydrogen io n  c o n c e n tra tio n  
which ag a in  in d ic a te s  th a t  c e r iu m (II I)  i s  o x id iz e d  on ly  by in te rm e d ia te s  
formed in  th e  u n ca ta ly zed  p a th  o f  p e ro x o d isu lp h a te  decom position . The 
in te r c e p ts  o f  th e  two l i n e s  a t  zero  hydrogen io n  c o n c e n tra tio n  show th a t  
th e  r a te  o f  e v o lu tio n  o f  oxygen in  p resen ce  o f  c e r iu m (III)  i s  h a l f  th e  
value  in  i t s  absence. These f in d in g s  su g g es t t h a t  on ly  one su lp h a te  io n  
r a d ic a l  which i s  th e  on ly  in te rm e d ia te  t h a t  o x id iz e s  c e r iu m (III)  i s  formed 
by th e  decom position o f  one p e ro x o d isu lp h a te  io n .
The above c o n c lu s io n s , however, c o n tra d ic t  th e  r e s u l t s  o b ta in ed  by 
( 17)K o lth o ff  and coworkers who s tu d ie d  th e  r a t e  o f  i n i t i a t i o n  o f  em ulsion 
p o ly m eriza tio n  o f  s ty re n e  u s in g  po tassium  p e ro x o d isu lp h a te  la b e l le d  w ith  
su lp h u r-55 in  an e f f o r t  to  measure th e  r a t e  o f  p ro d u c tio n  o f  su lp h a te  io n  
r a d ic a l s .  They found th a t  th e  r a t e  o f  i n i t i a t i o n  (from combined s u lp h u r-35 
counts) corresponds to  6 -  7 x 10^^ r a d ic a ls /m l /s e c  w hile  th e  r a t e  o f  
therm al decom position  o f  p e ro x o d isu lp h a te  a t  th e  same tem p era tu re , (from  
t h e i r  own woik and th a t  o f  o th e rs )  corresponds to  8 .4  -  8 .8  x 10^^ 
r a d ic a ls /m l/s e c  assum ing th a t  two r a d ic a ls  a re  produced p e r  decom position  
(e q u a tio n  [5! ]). They th e re fo re  concluded th a t  th e  two r a t e s  a re  eq u a l -  
w ith in  th e  l i m i t s  o f  ex p erim en ta l e r r o r  -  and th a t  eq u a tio n  [3 ] o f  B a r t l e t t
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and Cotman in  which one p e ro x o d isu lp h a te  io n  decomposes to  give two 
su lp h a te  io n - r a d ic a ls ,  i s  c o r r e c t .
I t  lo o k s a s  though more work in v o lv in g  d i r e c t  measurement a s  f a r  
a s  p o s s ib le  i s  needed b e fo re  th e  co n tro v ersy  can be re so lv e d . F o r tu n a te ly  
bo th  mechanisms agree  in  t h a t  (a) th e re  i s  an 0 -0  bond ru p tu re  in  the  r a te  
de term in ing  s te p  which (b) p roduces su lp h a te  io n  r a d ic a ls  and in  th a t
(c) hydroxyl r a d ic a l s  a re  produced, e i t h e r  in  th e  f i r s t  r a te  de term in ing  
s te p  o r  in  a  subsequent s te p .  These th re e  f e a tu re s  a re  im portan t in  
in te r p r e t in g  many p e ro x o d isu lp h a te  r e a c t io n s .
F i r s t  O rder U ncatalyzed O xida tions
The f i r s t  o rd e r  u n ca ta ly zed  o x id a tio n s  by p e ro x o d isu lp h a te  io n  have 
some g en e ra l c h a r a c te r i s t i c  f e a tu re s ;
( i )  They a re  very  slow a t  room tem p era tu re  and become reaso n ab ly  
m easurable on ly  above 50°C.
( i i )  The r a t e  o f  any re a c t io n  i s  u su a lly  independent o f  th e
c o n c e n tra tio n  o f  th e  red u c in g  ag en t and d e s p ite  t h i s ;
( i i i )  f i r s t  o rd e r  r a t e  c o n s ta n ts  vary  w ith  v a ry in g  s u b s tr a te s  and in  
a l l  cases  th e se  r a te  c o n s ta n ts  a re  h ig h e r  th an  the  k value  
f o r  th e  therm al decom position  o f  p e ro x o d isu lp h a te  a lo n e .
( iv )  R e p ro d u c ib ility  o f  r e s u l t s  i s  q u ite  d i f f i c u l t  to  o b ta in  and
re a c t io n s  a re  q u ite  s e n s i t iv e  to  the  p resen ce  o f  tra c e  
im p u r i t ie s .
(v) C a ta ly t ic  e f f e c t s  o f  heavy m eta l io n s  e s p e c ia l ly  s i l v e r ( I )
and c o p p e r(II)  a re  q u ite  la r g e ,  a l t h o u ^  in  th e  p resen ce  o f  
a  c a ta ly s t  th e  r e a c t io n  i s  on ly  p s e u d o - f i r s t  o rd e r  a t  c o n s ta n t 
c a ta ly s t  c o n c e n tra tio n .
(v i)  Many o f  th e se  re a c t io n s  a re  in h ib i te d  by f r e e  r a d ic a l
scavengers  l i k e  a l l y l  a c e ta te .
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( v i i )  A c tiv a tio n  e n e rg ie s  a re  r e l a t i v e ly  h igh  (u su a lly  g re a te r  
th an  25 k cal/m o le) •
Exaiïples o f  f i r s t  o rd e r  p e ro x o d isu lp h a te  re a c t io n s  e x h ib it in g  th ese
(7)c h a r a c te r i s t i c s  a re  th e  o x id a tio n s  o f  a rse n io u s  a c id  , hydrogen perox ide
under c e r ta in  c o n d itio n s  (see  p . 23 ) and o x a la te ^ ^ ’^ \  Because o f  the
slow ness o f  th e se  r e a c tio n s  under e a s i ly  a c c e s s ib le  c o n d itio n s  n o t many
have y e t  been in v e s t ig a te d .
A ll re a c tio n s  be long ing  to  t h i s  c la s s  have a s  t h e i r  r a te  de term in ing
s te p  th e  ru p tu re  o f  the  0 -0  bond in  th e  p e ro x o d isu lp h a te  io n  and th i s
probab ly  accoun ts f o r  the  slow ness o f  th e se  re a c t io n s  and t h e i r  r e l a t i v e ly
h i ^  a c t iv a t io n  e n e rg ie s . To account fo r  a l l  th e  c h a r a c te r i s t i c s  o f  th e se
(2)re a c tio n s  a  chain  mechanism s im ila r  to  t h a t  proposed by House may be
a p p ro p r ia te . L et us assume th a t  eq u a tio n  [ 3 ] o f  B a r t l e t t  and Cotman i s  the 
r a t e  d e term in ing  s te p  in  th e  o x id a tio n  o f  a  red u c in g  ag en t R which produces 
an in te rm e d ia te  I  which in  tu rn  e v e n tu a lly  tu rn s  in to  p ro d u c t P . T his 
im p lie s  th a t  the  mechanism i s  designed  to  f i t  r e a c t io n s  in v o lv in g  reducing  
ag en ts  which undergo a t  l e a s t  a  two e le c tro n  o x id a tio n , a s  o f  course i s  so 
in  the  examples quoted . I  f o r  example could in v o lv e  A s(IV ).
2-  ^5S^Og -  ^ -  > 280^ slow   [3 ]
k .
SO  ^ + H^O ■■■■—  > HSO  ^ + OH ............ [6 ]
k p .
OH + R I  + OH ............ [26]
I  + SgOg , 27 )  s o / "  + SO," + P . . . . . .  [27]%  ^ “" I f
I + SOij >„ s o /"  + P . . . . . .  [28]'^28 ,  2 -
17.
A p p lic a tio n  o f  the  s tead y  s t a t e  approxim ation  to  t h i s  mechanism 
(see  C hapter I I )  le a d s  to  the  r a t e  law
r
2--d[8gOg^"] =
d t
2- .
^5 /  ^3^6^27 /  ^^2^8  ^   [ 29]
^28
which i s  s im ila r  to
2-n , rm ^ 2--dCs^Og'^-] ]   C30]
d t
where
[ 31]
'28
i s  th e  observed f i r s t  o rd e r  r a te  c o n s ta n t. I t  i s  c le a r  from eq u atio n  [29]
th a t  th e  r a te  ex p re ss io n  does n o t invo lve  [R] b u t t h a t  th e  p resence  o f  R
in c re a s e s  the  value  o f  th e  f i r s t  o rd e r  r a t e  c o n s ta n t o f  th e  therm al
decom position o f  p e ro x o d isu lp h a te  by I ^3^6^27 and th e  m agnitude o f
k .g
t h i s  term  depends on k^y and k^g which a re  dependent upon th e
n a tu re  - o f  I  which i s  produced from R.
Second O rder R eac tions
Second o rd e r  re a c t io n s  in v o lv in g  p e ro x o d isu lp h a te  io n  a re  much 
f a s t e r  than  th e  co rresponding  f i r s t  o rd e r  re a c tio n s ^ ^ ’^^^ and some o f  them 
a re  so f a s t  t h a t  a  flow system  i s  needed in  o rd e r  to  in v e s t ig a te  th e  
k i n e t i c s . The a c t iv a t io n  e n e rg ie s  a re  l e s s  than  15 kcal/m o le  ( c f .29) ^
In  re a c t io n s  o f  t h i s  c la s s  th e  0 -0  bond i s  broken a f t e r  th e  r a te  de term in in g  
s te p  which i s  u s u a lly  fo n n u la ted  a s  th e  bim ole c u la r  r e a c t io n  in v o lv in g  
p e ro x o d isu lp h a te  io n  and th e  red u c in g  a g e n t, e .g .
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+ S^Og^”  CXS^Og]” ^ P roducts    [32]
x“ “ + S^Og^" + ^  [XMS^Og]^®'^"'^"  >  P roducts
  [ 33]
where o r  x"^  i s  th e  red u c in g  ag en t and in  eq u a tio n  [33] i s  a  c a tio n  
p re s e n t in  th e  r e a c t io n  medium. Examples o f  eq u a tio n  [ 32] a re  th e  o x id a tio n s  
o f  chrom ium (II) and some i r o n ( I I )  complexes^^^^ w hile  th e  o x id a tio n  o f  
io d id e  io n  i s  an example o f  eq u a tio n  [ 33]*
The p resen ce  o f  th e  c a tio n  a s  p a r t  o f  th e  a c t iv a te d  con^lex m o d ifies  
the  d i s t r ib u t io n  o f  e le c tro n s  w ith in  th e  p e ro x o d isu lp h a te  io n  and weakens 
th e  0-0  bond making i t s  ru p tu re  e a s ie r  a s  w i l l  be d iscu ssed  in  C hapter I I I  
and th e  f a c t  th a t  o x id a tio n s  by p e ro x o d isu lp h a te  a re  acconpanied by th e
( 32)ru p tu re  o f  th e  0 -0  bond h as  been confirm ed by t r a c e r  experim ents •
A b r i e f  d is c u s s io n  o f  some exanp les o f  t h i s  c la s s  o f  second o rd e r  r e a c t io n s  
fo llo w s .
I .  C opper(l) o x id a tio n
C haltyk ian  and B eileryan^^^^ s tu d ie d  th e  o x id a tio n  o f  co p p er(I)  
c h lo r id e . The second o rd e r  r e a c t io n  was found to  be re ta rd e d  by in c re a se d  
c h lo rid e  io n  c o n c e n tra tio n . Moreover th ey  found th a t  th e  d ia i^ n e  complex 
[Cu(NH^)^]^ r e a c ts  v i r t u a l l y  in s ta n ta n e o u s ly  and th a t ,  in  p resen ce  o f  
c o p p e r ( I ) , p e ro x o d isu lp h a te  does n o t o x id iz e  ammonia. The s to ic h e io m e try  
o f  th e  r e a c t io n  i s  g iven  by eq u a tio n  [34]
2Ga + 8 g O /" = 2 S o /“ + 2C u^   [ 34]
*’nd the  proposed mechanism i s
19.
Cu'*' + SgOg^" = CuSgOg" slow   [ 35]
CuS Og” = C u ^  + s o / '  + s o /    [36]
s o /  + Cu^  = Cu^ + s o / '    [57]
P o ss ib le  s id e  re a c tio n s  a re
S0^“ + H^O = HSO^" + OH . . . . . .  [6]
OH + Cu"^  = Cu^ *** + OH*"   [ 38]
OH + H  ^ = HgO (assumed elsew here)   C39]
The r e ta rd in g  e f f e c t  o f  in c re a se d  ch lo rid e  io n  c o n ce n tra tio n  may be due to  
th e  fo rm ation  o f  a  ch loro  complex o r  complexes wMch have an adverse  
Coulombic e f f e c t  on the  r a te  d e te rm in in g  s te p  [353.
I I .  I r o n ( l l )  o x id a tio n
The o x id a tio n  o f  i r o n ( I I )  and i t s  complexes by p e ro x o d isu lp h a te  has 
been the  s u b je c t o f  many p ap ers  (29$37 , 35 , 38)  ^ s to ich e io m e try  o f  th e
re a c tio n  i s
2Fe^  + = 2Fe^  + 280j^^" ...........  [40]
( 31)I rv in e  s tu d ie d  the  o x id a tio n  o f  some complexes o f  i r o n ( I I )  (and o f  
ru th e n iu m (II) ) in  o rd e r  to  e s ta b l i s h  th e  im portance o f  s tan d a rd  f re e  energy
( 37)change a s  a  f a c to r  in  d e te rm in in g  th e  r a t e  o f  a  redox r e a c t io n  • He 
found th a t  th e  r a te  o f  th e  r e a c t io n  in c re a s e s  a s  the  d if fe re n c e  in  s tan d a rd  
redox p o te n t ia l  between th e  p e ro x o d isu lp h a te  and complex io n  couples in c re a s e s . 
He a lso  found th a t  eq u a tio n  [ 4 l ]  h o ld s  f o r  th e  r a t e  co n stan t
lo g  =5 -  6 .4  + 7 .0  AE° . . . . .  [41]
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where i s  the  second o rd e r  r a te  c o n s ta n t in  1 /m o le /sec . a t  zero io n ic  
s tre n g th  and AE° i s  the  d if fe re n c e  in  s tan d a rd  redox p o te n t ia l  between 
the  two couples (SO^^ ^^2% ^ ’ F e ^ ^ /F e ^ ) .  Since the  f re e  energy change 
(AG°) fo r  th e  r e a c t io n  re p re se n te d  by th e  s to ic h e io m e tr ic  eq u atio n  [40] 
in  which Fe^^ re p re se n ts  th e  i r o n ( l l )  complex i s
AG° = 2F [^^(SO^^^'/SgOg^") -  E ° (F e ^ ^ /F e ^ )  j  -  2FAE° ..............  [42]
the  l i n e a r  r e la t io n s h ip  between th e  lo g a rith m  o f  th e  r a te  c o n s tan t and the  
s tan d a rd  f re e  energy change i s  e s ta b l is h e d .
B urgess and Prince^^^^ s tu d ie d  the  e f f e c t  o f  s u b s t i tu e n ts  in  th e  
lig a n d  when t r i s - 1 , 10 -p h en an th ro lin e  i r o n ( I I )  and t r i s - b ip y r id y l  i r o n ( I I )  
a re  o x id ized  by p ero x o d isu lp h a te  io n . The n a tu re  o f  th e  s u b s t i tu e n t  was 
found to  a f f e c t  th e  va lue  o f  the  r a t e  c o n s ta n t (and th e  a c t iv a t io n  energy), 
More pow erful e le c tro n  w ithdraw ing s u b s t i tu e n ts  l i k e  n i t r o -  and ch lo ro - 
“^iruu-ps tend  to  low er th e  value  o f  k (and in c re a s e  th e  value o f  E) r e l a t iv e  
to  the  v a lu es  found w ith  u n s u b s ti tu te d  l ig a n d s , wheresLS e le c tro n  r e p e l l in g  
s u b s t i tu e n ts  have a  s im ila r  e f f e c t  in  the  o p p o s ite  d i r e c t io n .  They a lso  
found th a t  th e re  i s  a  l i n e a r  r e la t io n s h ip  betw een th e  energy o f  a c t iv a t io n  
and lo g  A (and hence a r e la t io n s h ip  w ith  th e  en tropy  o f  a c t i v a t io n ) .
The mechanism o f the  o x id a tio n  o f  i r o n ( I I )  complexes may be 
re p re se n te d  by
Fe^ "*" + 8gOg^" ------ >  F e ^  + slow .
...... [43]
Fe^ "*" + SO^”  >  F e ^  + f a s t  . . . . . .  [44]
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I I I .  T h io su lpha te  o x id a tio n
( ■558)T his r e a c t io n  was f i r s t  in v e s t ig a te d  by King and S te inbach  .
They found th a t  the  r e a c t io n  i s  f i r s t  o rd e r  in  p e ro x o d isu lp h a te  and alm ost 
independent o f  th io su lp h a te  c o n c e n tra tio n . They a lso  found th a t  th e  r e a c t io n  
i s  very  s e n s i t iv e  to  im p u r i t ie s ,  and th a t  r e p ro d u c ib i l i ty  i s  q u ite  d i f f i c u l t  
to  o b ta in . They re p o rte d  th a t  th e  r e a c t io n  i s  ca ta ly zed  to  a  la rg e  e x te n t 
by c o p p e r(II)  and to  a  l e s s  e x te n t by i r o n ( l l )  w hile  s i l v e r ( I )  was found
( 39)to  have l i t t l e  e f f e c t .  80rum and Edwards r e - in v e s t ig a te d  t h i s  r e a c t io n  
and found th a t  (a) r e s u l t s  a re  rep ro d u c ib le  on ly  i f  id e n t ic a l  s o lu tio n s  
p rep ared  u s in g  th e  same b a tch  o f  d i s t i l l e d  w a te r  ga%used and th a t  (b) 
th e re  a re  la rg e  s p e c i f ic  s a l t  e f f e c t s .  Like t h e i r  p re d e ce sso rs  they  
re p o rte d  th a t  the  re a c t io n  i s  f i r s t  o rd e r  in  p e ro x o d isu lp h a te  and zero 
o rd e r w ith  r e s p e c t  to  th io  s u lp h a te . They proposed a  chain  mechanism.
/ON
However, P a ta t  and P ro e ls s  s tu d ie d  t h i s  r e a c t io n  u s in g  c a re fu l ly  
p u r i f ie d  s t a r t i n g  m a te r ia ls ,  e s p e c ia l ly  th e  so lv e n t w a te r . They observed 
th a t  th e  r e a c t io n  fo llow s second o rd e r  k in e t i c s  under th e se  c o n d itio n s , 
be in g  f i r s t  o rd e r  w ith  re s p e c t  to  each r e a c ta n t  -  a  f a c t  which has been 
confirm ed by a n o th e r groi;p o f  w o r k e r s . When p a ta t  and P ro e ls s  rep laced  
double d i s t i l l e d  w a te r w ith  o rd in a ry  d i s t i l l e d  w a ter they  found th a t  th e  
o rd e r w ith  r e s p e c t  to  th io s u lp h a te  v a r ie s  between zero and. one a s  was 
observed ty  th e  p rev io u s  w orkers. T his they  exp la in ed  a s  be ing  due to  the  
su p erim p o sitio n  o f  a  heavy m eta l io n  c a ta ly z ed  re a c t io n  on th e  un ca ta ly zed  
r e a c t io n  because they  found th a t  t r a c e s  o f  copper o r  i ro n  a l t e r  th e  k in e t ic s  
com pletely .
IV. Io d ide  io n  o x id a tio n
The io d id e  p e ro x o d isu lp h a te  r e a c t io n  has a lre a d y  gained an a n a ly t ic a l
(4 l)in p o rtan ce  fo r  th e  d e te rm in a tio n  o f  p e ro x o d isu lp h a te  • The k in e t i c s  o f  
th e  r e a c t io n  have been e x te n s iv e ly  s tu d ie d  e s p e c ia l ly  in  reg a rd  to  th e  s a l t
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e f f e c t ,  an e f f e c t  which w i l l  be d iscu ssed  in  C hapter The
re a c t io n  i s  second o rd e r , be ing  f i r s t  o rd e r  w ith  re s p e c t to  each r e a c ta n t .
I t  i s  a lso  r e l a t iv e ly  ra p id  and very  s e n s i t iv e  to  added s a l t s .  The r a te  o f
the  r e a c t io n  i s  dependent on the  n a tu re  and c o n ce n tra tio n  o f  any c a tio n (s )
(42 ,43 ,44 )p re s e n t  r a th e r  th an  on the  io n ic  s tr e n g th  .
S i lv e r ( I )  C atalyzed  R eactions
As m entioned e a r l i e r  th e  a d d it io n  o f  a  c a ta ly s t  re n d e rs  most o f  the  
slow p e ro x o d isu lp h a te  re a c tio n s  f a s t  enough to  be s tu d ie d  a t  room tem p era tu re . 
The c a ta ly s t  which has been most w idely  used i s  s i l v e r  ( I )  io n . Almost 
a l l  o f  th e  s i l v e r ( I )  c a ta ly zed  r e a c t io n s  a re  f i r s t  o rd e r  w ith  re s p e c t  to  
p e ro x o d isu lp h a te , f i r s t  o rd e r  in  s i l v e r ( I )  and zero  o rd e r  w ith  re s p e c t  to  
th e  red ucing  a g e n t. The value  o f  th e  second o rd e r  r a te  c o n s ta n t (k^) i s  
s im ila r  fo r  d i f f e r e n t  reducing  ag en ts  under s im ila r  c o n d itio n s . These 
re a c t io n s  obey th e  r a te  law
-dCSgOg^'] = kg[8gOg^'][Ag'^]   [45]
d t
T herefo re  a l l  th e se  re a c t io n s  seem to  have a  common r a t e  d e term in ing  s te p .  
Exanples o f  th e se  s i l v e r ( l )  c a ta ly zed  o x id a tio n s  a re  those  o f  chrom ium (III) 
manganese( I I ) , h y d r a z i n e a n d  cerium ( I I I )
The f i r s t  w orker to  in v e s t ig a te  th e  mechanism o f  s i l v e r ( I )  c a ta ly s is  
o f  p e ro x o d isu lp h a te  r e a c t io n s  was Yost^^^ who s tu d ie d  th e  s i l v e r ( I )  c a ta ly zed  
o x id a tio n  o f  ch rom ium (III). He observed  th a t  when p e ro x o d isu lp h a te  and 
s i l v e r  ( I )  s o lu tio n s  a re  mixed in  th e  absence o f  th e  red ucing  ag en t a  b lack  
p r e c ip i ta te  i s  formed im m ediately and th a t  t h i s  p r e c ip i ta te  has pow erful 
o x id iz in g  p r o p e r t ie s .  H is a n a ly s is  o f  th e  p r e c ip i t a t e  le d  him to  the  
conclusion  th a t  i t  i s  an .oxide o f  s i l v e r ( I I I ) .  T herefo re  he proposed th a t  
in  the  s i l v e r ( I )  c a ta ly z ed  o x id a tio n  o f  chrom ium (III) by p ero x o d isu lp h a te
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th e  a c t iv e  in te rm e d ia te  i s  s i l v e r ( I I I )  which i s  formed acco rd ing  to  the  
eq u a tio n
®2° 8^ '  * ^  + 2S . ,o / “   [46]
which i s  the  r a te  d e term in ing  s te p  and which i s  follow ed by the  re a c t io n  
o f  s i l v e r ( I I I )  w ith  th e  red uc ing  ag en t le a d in g  e v e n tu a lly  to  th e  o x id a tio n  
p ro d u c ts  and the  re d u c tio n  o f  s i l v e r ( I I I )  to  s i l v e r ( I ) .  The th eo ry  th a t  
s i l v e r ( I I I )  i s  th e  a c t iv e  in te rm e d ia te  in  s i l v e r ( I )  ca ta ly zed  p e ro x o d isu lp h a te  
o x id a tio n s  rem ained unchallenged  fo r  a  lo n g  tim e^^*^^^.
As e a r ly  a s  1930, however, Morgan and B u rs ta ll^ ^ ^ ^  re p o rte d  th a t ,  
when b is -b ip y r id y l  s i l v e r ( I )  i s  added to  a  co ld  aqueous s o lu t io n  o f  
p e ro x o d isu lp h a te , th e  b is -b ip y r id y l  s i l v e r ( I I )  io n  i s  form ed. I t  was a lso  
observed by M alaguti^^^ th a t  bo th  s i l v e r ( I )  and b is -b ip y r id y l  s i l v e r ( I )  
c a ta ly z e  th e  hydrogen p e ro x id e -p e ro x o d isu lp h a te  r e a c t io n  to  th e  same e x te n t .  
These two se p a ra te  o b se rv a tio n s  su g g est t h a t  s i l v e r ( I I )  r a th e r  th an  s i l v e r ( I I I )  
may be the  in te rm e d ia te  in  t h i s  c la s s  o f  p e ro x o d isu lp h a te  r e a c t io n s .  In  
1968 M iller^^^^ re p o rte d  the  r e s u l t s  o f  a  s tudy  o f  th e  k in e t i c s  o f  th e  
p e ro x o d isu lp h a te  o x id a tio n  o f  b is b ip y r id y l  s i l v e r ( I )  and o f  e th y le n e b is -  
b iguanide (enb ig) s i l v e r ( I )  io n s  -  th e  enb ig  lig a n d  be in g  one o f  the few th a t  
can form a  s ta b le  complex w ith  s i l v e r ( I I I ) . He found th a t  th e  fo rm ation  o f 
b is -b ip y r id y l  s i l v e r ( l l )  complex i s  a  second o rd e r  r e a c t io n  which i s  f i r s t  
o rd e r  w ith  re s p e c t  to  each o f  th e  two r e a c ta n ts ,  w hile  th e  ênb ig  complex o f  
s i l v e r ( I I I )  i s  formed by two co nsecu tive  r e a c t io n s  each being  f i r s t  order in  
b o th  re a g e n ts . Thus M il le r  concluded th a t  th e  p e ro x o d is u lp h a te -s i lv e r ( I )  
r e a c t io n  in v o lv es  a  o n e -e le c tro n  p ro c e ss , a  f in d in g  whdch i s  in  accordance 
w ith  the  em p irica l ru le s  p o s tu la te d  by H igginson and M a r s h a l l ^ . The 
mechanism f o r  th e  fo rm ation  o f  th e  s i l v e r ( I I )  complex i s  g iven  as
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(a) AgCdipy)^^ + ^2^8^  ^  A g(dipy)^^’^  + X slow
[47]
AgCdipy)^’’* + X ---- > AgCdipy)^^’^  + X f a s t
  [48]
where X i s  presum ably •
The mechanism p u t forw ard f o r  th e  fo rm ation  o f  A g (III)  complex i s
(b) Ag(enbig)'*’ +  >  Ag(enbig)^"^ + X
  [ 49]
Ag( enbig) + S^Og^ ------ >  A g (e n b ig )^  + X
  [50]
where X may be S^Og^ o r  ) ,  b u t in  mechanism(b)
X does n o t r e a c t  w ith  s i l v e r  complexes b u t p robab ly  o x id iz e s  w a te r , 
whereas in  (a) X r e a c ts  w ith  a  s i l v e r  complex.
From th i s  d is c u s s io n  th e  consensus o f  o p in io n  i s  th a t  th e  s i l v e r ( I )  
ca ta ly zed  r e a c tio n s  in v o lv in g  p e ro x o d isu lp h a te  io n  take  p la c e  acco rd in g  to  
th e  fo llo w in g  g e n e ra liz e d  mechanism in  which R i s  a  red u c in g  ag en t and P 
i s  th e  p ro d u c t o r  p ro d u c ts  o f  i t s  o x id a tio n
Ag"^  + S^Og^"  >  A g ^  + SO^- + SO^^" slow . . . . . .  [51]
Ag"^  + SOi^ ” > Ag^’*' + SO^^" f a s t  . . . . . .  [52]
Ag "^  ^ + R ----------- Ag"*" + P f a s t  . . . . . .  [53]
and in  which th e  a c t iv e  in te rm e d ia te  fo rm ally  co n ta in s  s i l v e r ( I I )  and n o t 
s i l v e r ( I I I ) .
25.
O ther R eac tions
Not a l l  p e ro x o d isu lp h a te  r e a c tio n s  can be ca te g o riz e d  under one 
o f  the  th re e  ty p es  d iscu ssed  above. Many have u n c e r ta in  o rd e rs  o r  o rd ers  
(e s p e c ia l ly  w ith  re s p e c t  to  reduc ing  ag en t) t h a t  do n o t assume sim ple 
v a lu e s , b u t vary  acco rd in g  to  c o n d itio n s . The case o f  c e r iu m (III)  has 
a lre a d y  been d isc u sse d . O ther examples a r e :
I .  O x idation  o f  hydrogen perox ide
Hydrogen p ero x id e  r e a c ts  w ith  p e ro x o d isu lp h a te  acco rd ing  to  the  
s to ic h e io m e tr ic  eq u a tio n
HgOg + SgOg^" = Og + 2HS0^‘    [54]
(>Uq) oTsao and Wilmarth  ^ ^ v e  the following rate law for the reaction at 30 C
-d[S Og^"] = [ s  Og^ ‘ ] f £ : ^ 2i +  7 ' ^ 1°^[SgOg 3 ^ 2. 9x1o"'°CS_Oo^"] + 7 . 9x10® ! ^
— i t  % ]  2 ®
 [55]
(in  which the units o f rate are mole/L/sec) and which approaches the lim iting  
forms shown below, under the respective conditions.
( i )  [SgOg2~3 = 0.001 -  0.025 moleA; [H_0 ] = 0.001 -  O.O05 moleA
-dCSg0g2-] = k(^)[SgOg^-][HgOg]^    [56]
dt
( i i )  [ 8gOg2"] = 0.002 -  0.010 moleA; [HgOg] = 0.025 moleA
-dCSgOg2 '3  a k(^^)[SgOg2- ]    [57]
dt
( i i i )  ZS^ 0 ^ ~ 2  = 0.100 -  0.250 moleA: [^ 0 _ ] = 1.00 moleA
-d[SgOg2-] = k(j^^^)[SgOg2-r    [58]
dt
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The a u th o rs  give th e  fo llow ing  o v e ra l l  mechanism fo r  th e  re a c t io n ;
^  2S0^“................................................................... [53
S0^“ + H^O --------->  + SO^^’  + OH........................ ............ [6 ]
OH + H^O^ ------ >  ^2^ ^^2......................................... ............ [59]
HOg + S^Og^" -------^  Og + HSO^“ + S0^“ ............ [ 60]
HO2 + H^O^ ------->• 0^ + H^O + OH ............ [ 61]
and they  co n sid e r th e  fo llo w in g  fo u r  re a c t io n s  a s  the  most im portan t 
chain  te rm in a tin g  s te p s .
HOg + OH ------ 0^ + H^O ............ [12]
SO^ "^ + OH  -> HSO^" ............ [ 62]
HOg + SO^" ------->  Og + HSO^” ......... .. [ 13]
8O4" + SOi^ ‘  -3- Sg0g2-  .............
I I .  O x idation  o f  an tim o n y (III)
The antim ony( I I I ) -p e ro x o d is u lp h a te  r e a c t io n  i s  an o th er one o f  the  
r a re  r e a c t io n s  in  which th e  o rd e r  w ith  re s p e c t  to  p e ro x o d isu lp h a te  i s
( 51)o th e r  than  u n i ty .  The r a te  law i s  re p o rte d  to  be
-d[Sg0g2"] » k [S b (I I I )3 ^  [SgOg^"]"^    [64]
d t
The re a c t io n  i s  independent o f  hydrogen io n  co n ce n tra tio n  in  th e  range 
0.005  -  0 .08  ra o le /l ,  and th e  mechanism proposed i s :
27.
2-
®2°8 ------ ► 2S0^" ............ [5 ]
S b ( II I )  + 80^ ' -------- ------ >- Sb(IV) + S0 ;^ 2-    [6g]
S 0g2 '  + Sb(IV) ------->- Sb(IV) + 80^2-  + g o ^ "   [65]
8b(IV) + 80^" ------ > Sb(V) + 80i^ 2-    [67]
I t  may be noted  th a t  t h i s  s e t  o f  o n e -e le c tro n  o x id a tio n  s te p s  does n o t f a l l
in to  th e  ca tego ry  o f  tw o -e le c tro n  p ro c e sse s  p o s tu la te d  a s  v i r t u a l ly  in v a r ia b le
fo r  n o n - t r a n s i t io n a l /n o n - t r a n s i t io n a l  elem ent redox p ro c e s s e s ^ ^ ^ \
A lth o u ^  much work has been done on p e ro x o d isu lp h a te  re a c t io n s  and
many a sp e c ts  have been co n c lu s iv e ly  s tu d ie d  s t i l l  th e re  i s  d isagreem ent
between d i f f e r e n t  groups o f  w orkers in  o th e r  a sp e c ts  o f  th e se  re a c t io n s  and
many r e s u l t s ,  e s p e c ia l ly  o f  the  th en n a l decom position o f  p e ro x o d isu lp h a te
(2 51 52)a re  f a r  from conclusive  . The a u th o r , th e re fo re , th in k s  th a t  th e re
i s  s t i l l  scope fo r  more work in  t h i s  f i e l d .
28 ,
C H A P T E R  I I
T H E  O X I D A T I O N  O F  MA  N G A N E S E ( H )
29.
CHAPTER I I  
I N T R O D U C T I O N
The s i l v e r ( I )  ca ta ly zed  re a c t io n  between pero x o d isu lp h a te  and
(45)m anganese(II) was s tu d ie d  by Dekker e t  a l  as w ell as  by Gupta and 
Ghosh^^^^ o Both groups o f  w orkers re p o rte d  th a t  the  uncata lyzed  re a c t io n  
( a t  25° o r  35° C) i s  very  slow and th e re fo re  they  d id  n o t study i t .  In  
f a c t  i t  seems th a t  th e  k in e t ic s  o f  t h i s  re a c t io n  have n o t been s tu d ie d  
a t  a l l  a s  fax  a s  ou r survey o f  l i t e r a t u r e  could p ro v e .
Dekker and h i s  co-w orkers fo llow ed th e  s i l v e r  io n  ca ta ly zed  re a c t io n  
by f i l t e r i n g  o f f  the  p ro d u c t, manganese d io x id e , from th e  sanç>le and 
e s tim a tin g  p ero x o d isu lp h a te  by t r e a t in g  i t  w ith  excess o f  s tan d ard  i r o n ( I I )  
s o lu tio n  and de term in ing  the  re a c te d  i r o n ( I I ) .  However, Gupta and Ghosh 
p re fe r re d  to  avoid  bo th  th e  p ro cess  o f  f i l t r a t i o n  and the  use o f  i r o n ( l l )  
which i s  s u b je c t to  a tm ospheric  o x id a tio n . They analyzed fo r  the  p ro d u c t 
manganese d io x id e  and estim ated  p e ro x o d isu lp h a te  in d i r e c t ly .  The sanqple 
to  be analyzed was added to  a  volume o f  s tan d a rd  o x a lic  a c id  to  which 
h y d ro ch lo ric  a c id  was added in  o rd e r  to quench th e  r e a c t io n  by p r e c ip i ta t in g  
the  s i l v e r  io n s  as  s i l v e r  c h lo r id e . The excess o x a lic  a c id  was then  t i t r a t e d  
a g a in s t  s tan d a rd  perm anganate s o lu t io n .  From th e  amount o f  manganese d iox ide  
formed the  c o n ce n tra tio n  o f  p e ro x o d isu lp h a te  was c a lc u la te d .
Ihe  r e s u l t s  o f  the  two s tu d ie s ,  however, were n o t very  d i f f e r e n t .
In  t h i s  p a r t  o f  th e  p re s e n t work an atten%)t i s  made to  s tudy  the 
uncata lyzed  re a c t io n  between p e ro x o d isu lp h a te  and manganese( I I ) .
30.
E X P E R I M E N T A L
P re lim in ary  Work
A s e r ie s  o f  experim ents was p lanned and c a r r ie d  o u t to  see i f
(1) The un cata ly zed  re a c tio n  between m anganese(II) and 
p ero x o d isu lp h a te  was m easurable under any co n d itio n s  and
i f  so under what c o n d itio n s  i t  would reasonab ly  be fo llow ed.
(2) A d i r e c t  method o f  e s tim a tin g  p ero x o d isu lp h a te  could be found.
I .  When equal volumes o f  A«R« m anganese(II) su lp h a te  and A.R. ammonium 
p e ro x o d isu lp h a te  s o lu t io n s  -  each approx im ately  0 .2  m ole/1 -  were mixed
a t  60°C, th e  s o lu tio n  was tu rb id  w ith in  two m inutes and a  p r e c ip i ta te  -  
probab ly  manganese d iox ide  -  s ta r te d  to  form w ith in  te n  m inu tes.
I I .  A m ixture which was 0 .05  m o le /l in  m anganese(II) su lp h a te  and 0 .0 4  mole/L 
in  ammonium p e ro x o d isu lp h a te  was m ain ta ined  a t  60°C. The i n i t i a l  pH o f  the  
s o lu tio n  -  a s  measured w ith  a  Pye-Dynakap pH-meter was 5 .6 2 .
The same changes a s  in  I  above were observed b u t w ith in  t h i r t y  
m inu tes.
These two t e s t s  suggested  th a t  m anganese(II) and pero x o d isu lp h ate  
r e a c t  a t  60°C and th a t  th e  r e a c t io n  i s  ‘apparen tly*  f a s t  enough to  s tudy  
k in e t i c a l l y .  T herefo re  f u r th e r  p re lim in a ry  work was pursued in  o rd e r to  
analyze th e  p r e c ip i t a t e ,  to  f in d  s u i ta b le  c o n d itio n s  o f  te n ç e ra tu re  and 
r e a c ta n t  c o n ce n tra tio n  and a  method o f  a n a ly s is  fo r  fo llow ing  "üie r e a c t io n .
I I I .  A nalysis  o f  th e  P r e c ip i ta te
A m ix ture  o f  ammonium p ero x o d isu lp h a te  and m anganese(II) su lp h a te  
which was approx im ately  0 .1  m o le /l in  each was th e rm o sta tted  a t  6o®C fo r  
about seven h o u rs . Ihe  s o lu tio n  was then  f i l t e r e d  and th e  re s id u e  washed
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se v e ra l tim es w ith  d i s t i l l e d  w a te r . The p r e c ip i ta te  was then  l e f t  over­
n ig h t in  an oven a t  110°C. I t  was cooled in  a  d e s ic c a to r  and then  te s te d  
q u a l i ta t iv e ly  and q u a n t i ta t iv e ly .
A -  Q u a li ta tiv e  t e s t s :
1 . A sample o f  the  p r e c ip i ta te  was t r e a te d  w ith  a  m ixture o f  A.R. 
n i t r i c  a c id , A.R. su lp h u ric  a c id  and A.R. potassium  p e rio d a te  
(see  p . 47 ) .  The p r e c ip i ta te  re a c te d  form ing a  p u rp le  s o lu t io n . 
The spectrum  o f  the  r e s u l t in g  s o lu t io n  was scanned in  a
Unicam SP.800 sp ec tropho tom eter. The spectrum  (F ig . 1 ) was
id e n t ic a l  to  th a t  o f  an a u th e n tic  sample o f  permanganate 
s o lu t io n  (F ig . 7 ) .
2 . When a  sample o f  the  p r e c ip i t a t e  was t r e a te d  w ith  hydrogen 
perox ide  and d i lu te ,  h y d ro c h lo ric  a c id  oxygen gas was evolved .
The r e s u l t in g  s o lu t io n  gave no p r e c ip i ta te  o r  even tu rb id i ty  
w ith  barium c h lo rid e  s o lu t io n .
3 . When the  p r e c ip i t a t e  was t r e a te d  w ith  chromium ( I I I )  p e rc h lo ra te  
s o lu t io n  and su lp h u ric  a c id , th e  p r e c ip i ta te  d is so lv e d . When th e  
r e s u l t in g  s o lu t io n  was t r e a te d  w ith  d ipheny lcarbaz ide  i t  gave a 
p o s i t iv e  t e s t  fo r  chrom ate.
C onclusions : The f i r s t  o f  the  th re e  t e s t s  above in d ic a te s  th a t  the  
p r e c ip i ta te  co n ta in s  manganese, w hile  th e  second and th i r d  show 
th a t  th e  p r e c ip i t a t e  i s  o r  co n ta in s  memganese d io x id e . Moreover 
th e  barium c h lo rid e  t e s t  on th e  s o lu t io n  in  th e  second t e s t  
in d ic a te s  the  absence o f  su lp h a te  in  th e  p r e c ip i ta te  showing th a t  
th e  p r e c ip i t a t e  i s  n o t an a d d it io n  p ro d u c t o f  a  manganese oxide 
and su lp h a te  u n lik e  the  case when p ero x o d isu lp h a te  and s i l v e r  ( I )  
r e a c t
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B -  Q u a n tita tiv e  a n a ly s is :
Manganese d io x id e  -  p r e c ip i ta te d  from s o lu tio n s  -  i s  a  non-
(5Z 1)
s to ic h e io m e tr ic  compound u su a lly  o f  th e  form MnO^.xH^O . Any 
a ttem p t to  remove the  w ater com pletely (which i s  v i r t u a l ly  
im p o ss ib le ) , le a d s  to  the  decom position o f  the  compound, as 
p r e c ip i ta te d  manganese d iox ide  decomposes a t  tem pera tu res a s  low 
a s  D espite  a l l  t h i s ,  however, an a ttem p t was made to
analyze the  p r e c ip i ta te  which has been d r ie d  a t  110°C,
A sample was w e i r e d  in to  an io d in e  f l a s k .  An excess o f  potassium  
io d id e  to g e th e r  w ith  2 ml o f  d i lu te  su lp h u ric  ac id  and w ater to  
d is so lv e  the  io d id e  were added and the  f la s k  was s to p p ered . . A 
s im ila r  f la s k  co n ta in in g  s im ila r  amounts o f  po tassium  io d id e , a c id  
and w ater was a lso  s to p p ered  and l e f t  to  s tan d  b eside  the  f la s k  
co n ta in in g  the  sample to  a c t  a s  a  blank which w i l l  account fo r  
atm ospheric  o x id a tio n  o f  the  io d id e . The l ib e r a te d  io d in e  was 
t i t r a t e d  a g a in s t  s tan d a rd  sodium th io su lp h a te  s o lu t io n .
The r e s u l t s  g ive manganese d io x id e  as which may mean th a t
the  p r e c ip i ta te  i s  MnO^.xH^O where 1 <  x < 2 .
IVo A n a ly tic a l Methods fo r  Follow ing th e  R eaction
The k in e t ic s  o f  th e  r e a c tio n  were in v e s t ig a te d  u sin g  two methods o f  
a n a ly s is .  In  th e  e a r ly  s ta g e s  o f  the  work th e  r e a c t io n  was follow ed by 
e s tim a tin g  p e ro x o d isu lp h a te  and in  l a t e r  s ta g e s , and f o r  most o f  the  work, 
by e s tim a tin g  manganese( I I ) •
(A) E stim a tio n  o f  p e ro x o d isu lp h a te  : Many o f  th e  reducing  a g en ts  used
f o r  th e  e s tim a tio n  o f p e ro x o d isu lp h a te  e.g^. i r o n ( I I )  and io d id e  r e a c t  
w ith  manganese d io x id e , which i s  a  p ro d u c t o f  the  r e a c t io n .
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T herefore  the  d is s o lu t io n  o f  manganese d iox ide  in  excess o x a lic  
a c id  follow ed by the  iodom etric  e s tim a tio n  o f  pero x o d isu lp h ate  was 
contem plated .
To see i f  the  p resence  o f  o x a lic  a c id  w il l  a f f e c t  the  iodom etric  
d e te rm in a tio n  o f  pe ro x o d isu lp h a te  5 ml o f  approxim ately  0 .10  m o le /l 
ammonium p e ro x o d isu lp h a te  was added to  each o f  the fo llow ing ;
( i )  10 ml 40^  potassium  io d id e  s o lu t io n ,
( i i )  10 ml 4o^ potassium  io d id e  + 10 ml 0 ,4  m o le /l o x a lic  a c id ,
( i i i )  10 ml 40^ KI + 10 ml 0 .4  m o le /l o x a lic  a c id  + 6 ml b icarb o n ate
b u f f e r .
( iv )  10 ml 40 KI + 6 ml b ica rb o n a te  b u f fe r .
In  each case the  r e s u l t in g  io d in e  was t i t r a t e d  a g a in s t  approxim ately
0 .10  m o le /l sodium th io su lp h a te  u s in g  a  ^0 ml grade A b u re t te  
(Table 1 (a ))  and a g a in s t  approxim ately  0 .15  m o le /l sodium th io su lp h a te  
u s in g  a  10 ml sem i-m icro b u re t te  (Table 1 (b ) ) .
A look  a t  t h i s  ta b le  shows th a t  p e ro x o d isu lp h a te  can be estim ated  
io d o m e tr ic a lly  in  p resence  o f  o x a lic  a c id , an excess o f  which can 
be used to  reduce th e  manganese d io x id e  b e fo re  the io d id e  i s  added.
Table 1
T i t r e  ml (b)T i t r e  ml (a)M ixture
10.62 7.10
i i
i i i
7.06iv
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Manganese( I I ) , however, cannot in t e r f e r e  in  p resence o f io d id e  
io n  because the  m anganese(II) - p e ro x o d isu lp h a te  re a c tio n  i s  q u ite  
in s ig n i f ic a n t  a t  room tem perature  in  comparison to  th e  io d id e - 
p e ro x o d isu lp h a te  re a c t io n .
(B) E stim a tio n  o f  M anganese(II) : In  most o f the  work the  r e a c t io n  was
follow ed by e s tim a tin g  manganese( I I )  sp ec tro p h o to m e tr ica lly  as  w il l  
be d e sc rib e d .
Expe rim en ta l D e ta i ls
I .  Chemicals
A ll th e  chem icals used in  t h i s  p a r t  o f  th e  work were A nalar Grade.
The two r e a c ta n ts  were m anganese(II) su lp h a te  and ammonium p e ro x o d isu lp h a te .
I I .  A pparatus
The re a c t io n  v e s s e ls  were 100 ml round bottomed Q u id c -f it  f la s k s .
Most o f  the  vo lu m etric  glassw are was grade A ty p e . The re a c tio n  v e s s e ls ,  
p ip e t te s  and a l l  m easuring f la s k s  were cleaned  as  thoroughly  as  p o s s ib le  
w ith  chromic ac id , washed s e v e ra l tim es w ith  tap  w ater, a t  l e a s t  tw ice w ith  
d i s t i l l e d  w ater and then  r in s e d  tw ice w ith  doubly d i s t i l l e d  w ater (see  
below ). The re a c t io n  v e s s e ls  were d r ie d  in  th e  oven w hile  the  p ip e t te s  
were d r ie d  by p a ss in g  a i r  t h r o u ^  them.
I I I .  Medium
The re a c t io n  medium was w ater r e d i s t i l l e d  from a lk a l in e  potassium  
perm anganate. I t  was necesssiry to  use c a re fu l ly  doubly d i s t i l l e d  w ater 
because i t  was found th a t  the  q u a li ty  o f  w ater has a  profound e f f e c t  on 
r e p ro d u c ib i l i ty  (see  page 103).
For most o f  th e  k in e t ic  runs the  r e a c t io n  m ixture was made 0.250  m o le /l 
in  potassium  su lp h a te  to  m a in ta in  a  f a i r l y  co n stan t io n ic  s tr e n g th .
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IV* P re p a ra tio n  o f  S o lu tio n s
P eroxod isu lphate  s o lu tio n s  were p rep ared  f re s h  befo re  each run  
o r  runs i f  done sim u ltaneously  o r  w ith in  two days, and under no 
circum stances were s o lu tio n s  used a f t e r  more than  48 hours from the 
time o f t h e i r  p re p a ra t io n . These s o lu tio n s  were p rep ared  by a c c u ra te ly  
waghing o u t the  amount o f  ammonium p e ro x o d isu lp h a te  re q u ire d  to  make the  
s o lu t io n . The c o n ce n tra tio n  was silso checked -  i f  n ecessary  -  io d o m e tr ic a lly .
M anganese(II) su lp h a te  s o lu tio n s  were p repared  in  a  s im ila r  manner 
bu t because t h i s  s a l t  ten d s  to  lo s e  i t s  w ater o f  c r y s ta l l i z a t io n  i t s  
c o n ce n tra tio n  was determ ined sp ec tro p h o to m e tr ica lly  (see  p . ^7 ) .  The
m anganese(II) su lp h a te  s o lu tio n  was a lso  made O.5OO m ole /l in  potassium  
su lp h a te  in  o rd e r  to  make the  r e a c t io n  m ixture 0.250  m o le /l in  the  added 
s a l t .
Experim ental Procedure
The two r e a c ta n ts  were th e rm o sta tted  s e p a ra te ly  in  a  w ater b a th  
m ain tained  a t  6o°C. The su rface  o f  the  b a th  was covered w ith  p o ly s ty ren e  
sp h e res . A fte r  50 m inutes th e  two r e a c ta n ts  were mixed p ip e t t in g  equal 
volumes (25 ml o f  each) in to  the  re a c t io n  v e sse l u s in g  p re -h e a ted  p ip e t te s .  
Zero time fo r  the  re a c t io n  was taken  a s  th e  tim e when the  p ip e t te  in tro d u c in g  
the  second r e a c ta n t ,  which was always th e  p e ro x o d isu lp h a te , was h a l f  
empty. The r e a c t io n  v e sse l was then  stoppered  and vigorou^^y ^ laken .
At a p p ro p ria te  in te r v a l s  5 ml sam ples were withdrawn and added to  
10 ml cold and approx im ately  0 .4  m o le /l o x a lic  a c id  in  an io d in e  f la s k  
(o r  t r e a te d  d i f f e r e n t ly  f o r  th e  e s tim a tio n  o f  manganese( I I )  a s  w i l l  be 
d e sc r ib e d ) . A fte r  th e  manganese d iox ide  had d is so lv e d , 5 ml 4o# 
potassium  io d id e  was added and th e  f la s k  was s toppered  and k e p t in  the  
dark fo r  JO m inu tes. The io d in e  l ib e r a te d  was th en  t i t r a t e d  ag siin st 
s tan d a rd  sodium th io su lp h a te  S o lu tio n  u s in g  a  10 ml semi-micro b u r e t te .
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For each run  the  co n ce n tra tio n  o f  pero x o d isu lp h ate  was p lo t te d  
v ersus tim e and the  slope  o f  the  b e s t  s t r a ig h t  l i n e  through the e a r ly  
p o in ts  was taken  as the  i n i t i a l  r a te  o f  the  re a c t io n .
To determ ine the  o rd e r w ith  re s p e c t to  each r e a c ta n t ,  the  i n i t i a l  
co n cen tra tio n  o f  one was k e p t co n stan t w hile th a t  o f  the  o th e r  was v a ried . 
A p lo t  o f  lo g  i n i t i a l  r a te  a g a in s t  lo g  i n i t i a l  c o n cen tra tio n  -  no t 
reproduced here  -  gave an e s tim a te  o f  th e  o rd e r . Then the  i n i t i a l  r a te  
was p lo t te d  a g a in s t  the  i n i t i a l  co n ce n tra tio n  to  confirm  the  o rd e r 
(which i s  f i r s t  w ith  re s p e c t to  p e ro x o d isu lp h a te  and zero w ith  re s p e c t to  
manganese( I I ) ) and from th ese  th e  r a te  c o n s ta n ts  were c a lc u la te d .
The choice o f  a  tem perature
The re a c t io n  was t r i e d  a t  50°C r^ --l 55°C and 6o°C. At the form er 
two tem peratu res  i t  was in co n v en ien tly  slow b u t i t  was reasonably  
m easurable a t  60°C. T herefore  60°C was chosen as  the  tem perature  a t  
which the  re a c t io n  was to  be s tu d ie d .
The c o n tro l o f  hydrogen ion  co n ce n tra tio n
No simple way o f  c o n tro l l in g  th e  pH o f  th e  re a c t io n  m ixture cou] " 
be found because p e ro x o d isu lp h a te  r e a c ts  w ith  a c e ta te  io n , and phosphate 
b u ffe r  o r  th e  a d d itio n  o f  an a lk a l i  p r e c ip i ta te  m anganese(H ) w hile  the 
use o f  p h th a la te  was found to  s to p  th e  re a c t io n  com pletely . However, 
the  absence o f  a  b u f f e r  does n o t a f f e c t  the  r e s u l t s  (see  p .  91 ) .
O rder w ith  re s p e c t to  p e ro x o d isu lp h a te
In  th e  fo llow ing  s e t  o f  k in e t ic  ru n s  th e  co n cen tra tio n  o f  
m anganese(II) was h e ld  co n stan t a t  0.04006  m o le /l w hile  th a t  o f  
p e ro x o d isu lp h a te  was v a rie d  between O.O5OOO mole/l and O.O8OOO m o le /l .
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The co n ce n tra tio n  o f pe ro x o d isu lp h a te  was d e te rm in e  io d o m e tric a lly  as
d esc rib ed  e a r l i e r .  T ables 2 - 7  show the  experim ental d a ta
and F ig u res  2 - 4  a re  the  CS^Og^ J /tim e  p lo t s  from which the  i n i t i a l
r a te s  were c a lc u la te d . Note th a t  s in ce  q u ite  sm all f r a c t io n a l  conversion
o f  p e ro x o d isu lp h a te  a re  observed, a  sim ple graph o f  ] ve rsu s
tim e i s  adequate fo r  the  puipose here  -  e s p e c ia l ly  in  view o f  the  o rd e r
w ith  re s p e c t to  m anganese(II) re p o rte d  l a t e r .  Table 8 summarises the
v a r ia t io n  o f  i n i t i a l  r a te  o f  r e a c tio n  w ith  i n i t i a l  c o n cen tra tio n  o f
p e ro x o d isu lp h a te . When th e  i n i t i a l  r a te  i s  p lo t te d  a g a in s t  i n i t i a l
p e ro x o d isu lp h a te  co n cen tra tio n  (F ig . 5 ) » a  s t r a ig h t  l in e  p a ss in g  through
the  o r ig in  i s  o b ta in ed , th u s  showing th a t  the  re a c t io n  i s  f i r s t  o rd e r
w ith  re s p e c t to  p e ro x o d isu lp h a te . The s lope  o f  th i s  p lo t  g ives the
”4 - 1observed p s e u d o - f i r s t  o rd e r  r a te  co n stan t (k^^^as 3*29 x 10 min .
The fo llo w in g  experim en tal c o n d itio n s  apply  to  Tables 2 -  7 . 
A ll co n ce n tra tio n  u n i ts  a re  m o le /l .
CMn(II)] = 0 o04006 o
[K^SOj^] = 0.250
Tem perature = 60.O C
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Table 2
= 0.0300
Table 3
[S_0o^"3 = 0.04002 0 o
Time
(min)
T i tr e
(ml)
lO^cs^Og^-]
0 6.78 2.976
30 6,76 2.967
60 6.74 2.958
90 6.74 2.958
120 6.59 2.892
150 6.52 2.862
180 6.46 2.837
210 6,41 2.813
240 6.32 2.774
Table 4
[SLOo^"] = 0.050002 0 0
Time
(min)
T i tr e
(ml)
lO^CSgO^
Î
0 11.25 4.938
60 11.25 4.938
90 11.10 4.872
120 11.10 4.872
170 10.97 4.813
210 10.70 4.696
240 10.59 4.646
300 10.38 4.556
* CNa^S^Oj] = 0.04389
**  [N 0.1272
Time
(min)
T i tr e
(ml)
lo^cggOgZ"]
0 8.965 3.935
30 8.980 3.941
60 8.99 3.946
90 - -
120 8.805 3.865
150 8.73 3.832
180 8.70 3.818
210 8.60 3.775
240 8.42 3.696
Table 5
CS-Oo^'] = 0.08000 2 0 0
Time
(rain)
♦ *
T itre
(ml)
lo^CSgOgZ"]
90 6.00 7.632
130 3.97 7.594
150 5.94 7.556
180 5.87 7.467
210 5.82 7.403
240 5.74 7.295
270 5.68
300 6.63 7.155
Table 6 
^^ 2%^ ^o = 0.06000
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Table 7
[SLOn^-] = 0.07000 2 0 0
Time
(min)
**
T itre
(ml)
lO^Cs^Og^"] Time
(min)
**
T itre
(ml)
lO^Es^Og^"]
30 4.69 5.966 30 3.46 6.943
60 4.65 3.913 60 3.45 6.932
120 4.51 3.737 120 3 .36 6.818
150 4,49 3.711 130 3.28 6.716
l80 4 .42 3.622 180 3 .20 6 . 6 l 4
210 4 .36 3.346 210 3 .14 6.338
240 4 .34 3.320 240 5.08 6,462
270 4.27 3.431 270 3 .02 6.383
300 4.225 3.374 300 4,98 6.333
330 4.173 3.311 330 4.91 6.246
360 4.120 3.241 360 4.82 6.131
390 4.085 3.196 390 4.78 6.080
**
[Na^S n ] = 0.1272
Table 8
V a ria tio n  o f  I n i t i a l  Rate w ith  I n i t i a l  
P e ro x od isu lpha te  c o n c e n tra tio n .
CMn(II)]^ = 
[K^SO^] 
Tem perature =
0.04006 m o le /l 
0.230 m o le /l
6o.o°c
lO^CS^Og^” ]^ (m o le /l) 10^ I n i t i a l  r a t e  (m ole/l/m in)
3.000 1.00
4.000 1.23
5.000 1.58
6.000 2.09
7.000 2.33
8.000 2.63
In  t h i s  graph and a l l  the  fo llow ing  graphs the 
numbers on the  l i n e s  r e f e r  to  the tab le s  from which 
the  d a ta  a re  p lo tte d »
[SLOo ] V» time
rH
oo
200100
Time (min)
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F ig . 3
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300200100
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The therm al decom position o f  peroxodisu lp h a te
Table 9 and F igure  6 show a re p re s e n ta t iv e  sample o f  k in e t ic  runs 
fo r  the  therm al decomposition o f  p e ro x o d isu lp h a te  in  th e  absence o f  
m anganese(II) under c o n d itio n s  which a re  s im ila r  to  those o f the  redox 
re a c t io n .  The c o n ce n tra tio n  o f  p e ro x o d isu lp h a te  was again  determ ined 
io d o m e tr ic a lly . 5 ml Samples were withdrawn and added to  5 ml o f  c h il le d  
w a te r . T his was follow ed by the  a d d itio n  o f  5 ml o f  NaHCO  ^ s o lu tio n  
and 1 ml o f  0 ,5  m o le /l E^SO^ .^ The m ixture was shaken and the  io d id e  added* 
the  l ib e r a te d  io d in e  was then  t i t r a t e d  a g a in s t  s tan d a rd  th io  su lp h a te .
Table 9
A ll co n ce n tra tio n s  a re  in  u n i t s  o f  m o le /l
CS^Og^"] = 0.07880 m o le /l (NE^ )^  ^ 8 Og
[K^SO^] = 0,250
Tem perature = 60 . 0°C
Cs^Oj^”] = 0.02239
Time (rain) T i t r e  (ml) lO^Cs^OgZ"] 2 + lo g  CS^Og^"]
60 34.00 7.613 0.8815
120 33.44 7.487 0.8743
160 33.17 7.427 0.8708
240 32.35 7.243 0.8599
360 31.40 7.030 0.8470
420 30.98 6.936 0.8411
450 30.74 6.883 0.8378
48o 30.65 6.863 0,8365
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D eterm ination  o f  c o n ce n tra tio n  o f  M n(II)
When m anganese(II) i s  p re s e n t in  a  sample in  r e l a t iv e ly  sm all 
co n ce n tra tio n  ( ca . 2 mg/lOO ml s o lu tio n )  i t  can be converted to  permanganate 
and the  l a t t e r  determ ined sp e c tro p h o to m e tr ic a lly . M anganese(II) r e a c ts
w ith  p e r io d a te  in  p resence  o f  an excess o f  a  m ix ture  o f  concen tra ted  
n i t r i c  a c id  and co n cen tra ted  su lp h u ric  a c id  ( c . f .^ ^ ^ ^ ) ,  acco rd ing  to  the 
s to ic h e io m e tr ic  eq u atio n  [6 8 ].
ZMn^ "^  + 510^" + = 2MnO^ " + 510^" + ...........  [6 8 ]
Permanganate was found to  have a  maximum absorbance a t  525 nm under 
th e  experim en tal co n d itio n s  ( F ig .7 ) .
In  the  fo llow ing  work th e  r e a c t io n  was follow ed by e s tim a tin g  the  
un reac ted  manganese( I I ) . At a p p ro p ria te  in te r v a l s  5 ml samples were added 
to  a  f i l t r a t i o n  system , to  which c h i l le d  w a ter had been added in  o rd e r  to  
quench the  r e a c t io n , and the  manganese d io x id e  was f i l t e r e d  o f f .  The f i l t e r  
p aper was c a re fu l ly  flu sh ed  w ith  c h i l le d  w a ter a t  l e a s t  fo u r tim es and t h i s  
was found to  be enough to  wash through a l l  th e  manganese ( I I )  io n . The 
f i l t r a t e  was t r e a te d  w ith  a  m ix ture  o f  A.R. co n cen tra ted  n i t r i c  a c id  and 
su lp h u ric  a c id  and th en  an excess o f  A.R. potassium  p e r io d a te  was added#
The m ix ture  was th en  b o ile d  fo r  a t  l e a s t  th re e  m inutes to  convert m anganese(II) 
to  perm anganate. In  th e  cases where th e  i n i t i a l  co n cen tra tio n  o f  m anganese(Il) 
was r e l a t i v e ly  h i ^  (above 0.0250 m o le /l)  the  f i l t r a t e  was d i lu te d  
q u a n t i ta t iv e ly  and a  sançjle o f  th e  d i lu te d  s o lu tio n  was used fo r  the 
d e te rm in a tio n  o f  manganese( I I ) . T his was n ecessa ry  because i t  was found 
th a t  a t  such c o n c e n tra tio n s  th e  conversion  to  perm anganate was q u ite  
d i f f i c u l t  and p r e c ip i t a t e s  tended to  form when th e  m ixture was bo iled#
The s o lu tio n  was allow ed to  cool and was tr a n s fe r r e d  q u a n t i ta t iv e ly  to  
a  mesLSuring f la s k .  The absorbance o f  t h i s  s o lu tio n  was th en  measured in
48,
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a Unicam SP.500  spec tropho tom eter a t  525 u s in g  5 mm c e l l s .  At th i s  
wave le n g th  o f  maximum absorbance by th e  permanganate the  s o lu t io n  obeys 
B e e r 's  law (F ig . 8 »)* The e x t in c t io n  c o e f f ic ie n t  i s  c a lc u la te d  from t h i s  
graph a s  2 .083 x 10^ . A few runs were c a r r ie d  o u t u s in g  a  Peiicin-ELmer 
double beam spectropho tom eter 124( 2) f i t t e d  w ith  a  d i g i t a l  s c a le  and u s in g  
10 mm c e l l s .  The c o n ce n tra tio n  o f  perm an^inate (and th e re fo re  o f  
m anganese(II)) was read  from the  a p p ro p ria te  c a l ib r a t io n  curve (F ig .8 ) o r  
c a lc u la te d  u s in g  the  value  o f  the  e x t in c t io n  c o e f f ic ie n t  c i te d  above when 
th e  P .E .124(2 ) in s tru m en t was u sed .
C a lcu la tio n  o f  the  r a te
For each run  the  c o n ce n tra tio n  o f  m anganese(II) was p lo t te d  a g a in s t  
tim e and a  s t r a ig h t  l i n e  was observed fo r  la rg e  f r a c t io n a l  e x te n ts  o f  
r e a c t io n  in  each case in d ic a t in g  zero o rd e r  k in e t ic s  w ith  re s p e c t to  
m an g anese(II). The s lo p e  o f  t h i s  l in e  was taken  a s  the  i n i t i a l  r a te  o f 
the  r e a c t io n .
An a ttem p t to  use n e a r e q u iv a le n t c o n ce n tra tio n s  o f  p e ro x o d isu lp h a te
and m anganese(II) a t  low c o n ce n tra tio n s  o f  about 0.01  mole/ 1  f a i le d  to
give s a t i s f a c to r y  r e s u l t s  because th e  r e a c t io n  was in co n v en ien tly  slow .
On th e  o th e r  hand when the  i n i t i a l  c o n ce n tra tio n  o f  m anganese(II) was above
0 .0 3  mole/ 1  a t  th e  i n i t i a l  p e ro x o d isu lp h a te  c o n ce n tra tio n  o f  O.O8 mole/1
the  e s tim a tio n  o f  th e  form er was q u ite  d i f f i c u l t  a s  mentioned above and
th e re fo re  O.O3 m o le /l o f  m anganese(II) was taken  a s  th e  upper l im i t  in  o rd e r
to  avoid  any e r r o r  th a t  m ight have been in tro d u ced  i f  the  san g le s  were to
2+be d i lu te d .  In  lo o k in g  a t  th e  [Mn ] /t im e  p lo t s  th a t  fo llow ,
one, th e re fo re  has to  b e a r in  mind th a t  p e ro x o d isu lp h a te  i s  always in  
excess and th a t  i t s  decom position in  any ru n  i s  alw ays l e s s  th an  10^  and 
t h i s  e x p la in s  why no cu rv a tu re  o f  th e  s t r a i ^ t  l i n e  occu rs  d u rin g  th e  
p a r t  o f  th e  r e a c t io n  which i s  fo llow ed, d é b i t é  th e  f a c t  th a t  the  re a c t io n  
i s  found to  be f i r s t  o rd e r  in  p e ro x o d isu lp h a te .
51.
Order w ith  re s p e c t to  p e ro x o d isu lp h a te
The e f f e c t  o f  v a ry ing  the  i n i t i a l  co n cen tra tio n  o f  pe ro x o d isu lp h a te
on the  r a te  o f  the  r e a c t io n  was re-exam ined by e s tim a tin g  the  u n reacted
m anganese(II) co n ce n tra tio n  and c a lc u la t in g  the  i n i t i a l  r a te  o f
d isappearance  o f  manganese( I I ) • The i n i t i a l  co n cen tra tio n  o f manganese(I I )
was h e ld  c o n stan t a t  O.OO80IO m o le /l and th a t  o f  pe ro x o d isu lp h a te  was
v a rie d  between 0.04982  m o le /l and 0.1200  m o le /l .  The io n ic  s tre n g th  o f  the
re a c tio n  m ixture was m ain tained  a t  approxim ately  1.00 m o le /l by making i t
0 .250 m o le /l in  potassium  su lp h a te .
In  each run  5 ml samples were withdrawn a t  a p p ro p ria te  in te r v a ls
and a f t e r  f i l t e r i n g  o f f  th e  manganese d io x id e , th e  f i l t r a t e  was t r e a te d
w ith  co n cen tra ted  n i t r i c  a c id  and su lp h u ric  a c id , b o ile d  w ith  excess
potassium  p e r io d a te , cooled and th en  q u a n t i ta t iv e ly  t r a n s fe r re d  to  a  100 ml
vo lu m etric  f la s k  and the  o p t ic a l  d e n s ity  o f  th e  s o lu tio n  m easured. The
2+i n i t i a l  r a te  o f  the  r e a c t io n  was c a lc u la te d  from the  [Mn ] /t im e  p lo ts  
(F ig . 9 ) .
The i n i t i a l  r a te  o f  the  d isappearance  o f  m anganese(II) was p lo t te d
a g a in s t  th e  i n i t i a l  co n ce n tra tio n  o f  p e ro x o d isu lp h a te  (F ig , 10) .  The
r e s u l t  was, once more, a  s t r a i ^ t  l i n e  p a ss in g  th rough the  o r ig in ,  which
confirm ed th a t  the  re a c t io n  i s  f i r s t  o rd e r  w ith  re s p e c t to  pe ro x o d isu lp h a te
( a t  l e a s t  in  i t s  i n i t i a l  s ta g e s )  • M oreover, th e  s lope  o f  t h i s  l i n e  g ives
th e  observed f i r s t  o rd e r  r a t e  c o n s ta n t (k J  a s  3.27  x 10 ^ min  ^ and th i sobs
value conpares r a th e r  w e ll w ith  the  value o f  3-29 x  10 ^ min  ^ ob ta ined  
from F ig . 5 in  which the  i n i t i a l  r a te  o f  d isappearance  o f  p e ro x o d isu lp h a te  
i s  p lo t te d  a g a in s t  i t s  i n i t i a l  c o n c e n tra tio n . These r e s u l t s  confirm :
(a) th a t  p e ro x o d isu lp h a te  and m anganese(II) r e a c t  in  equim olar 
amounts and,
(b) th a t  a l l  o f  the  p e ro x o d isu lp h a te  th a t  decomposes goes to  
o x id iz e  manganese ( I I )  w h ile  t h i s  i s  p re s e n t .
52 .
The experim ental d a ta  a re  g iven in  T ables 10 -  16 and the
2+[Mn ] /t im e  p lo ts  a re  shown in  Fig« 9 w hile  in  F ig . 10 the  i n i t i a l  r a te  
(R^) i s  p lo t te d  a g a in s t  th e  f i r s t  power o f i n i t i a l  pero x o d isu lp h ate  
c o n c e n tra tio n . In  a l l  the  ru n s:
[Mn^"^]^ = 0.008010 m oleA  
CK SO ] = 0,250 m oleAd. If,
Ten^e ra tu re  = 60,0^C
CS^Og^ ] q v a r ie s  as  shown, a l l  c o n ce n tra tio n s  being  expressed  
in  u n i t s  o f  moleA*
Table 10
2-[S^Og^ ] o  = 0 .0 8 0 0 0
Table 11 
[SgOg^'Jo = 0.06896
Time
(min)
Absorbance lO^CMn^"^] 1 Time
(min)
Absorbance 1o3[Mn2+]
60 0,327 6.46 45 0.363 6.78
105 0.275 5*26 90 0.305 5.86
150 0.206 3.96 150 0.235 4.51
180 0.166 3-20 195 0.185 3.56
304 0.028 0.540 240 o . i 4o 2.68
330 0.002 o .o 4o 285 0.084 1.62
330 0.038 0 .66
53.
Table 12
Cs^Og^’ lo  = 0.08987
Table 13
Cs^Og^"]© = 0.04982
Time
(min) Absorbance lO^tMn^^]
45 0.338 6.48
90 0.271 5 .20
150 0.185 3.56
195 0.117 2.24
240 0.063 1.20
285 0.010 0.20
330 0.012 0.22
Table l4
[S _0q^“] = 0.060162 0 0
Time
(min) Absorbance 10/lMn^+]
45 0.360 6.92
90 0.326 6.22
135 0.271 5 .2 0
180 0,225 4 .32
225 0.182 3.50
285 0.127 2.44
315 0,096 1.84
Time
(min) Absorbance 10^[Mn^+]
45 0.376 7.20
90 0.334 6.40
135 0.307 ÿ.88
180 0.252 4.88
225 0.228 4.38
285 0.180 3.46
315 0.155 2.98
Table 15
[ S ^ O g ^ -“] = 0.1004  
0
Time
(min) Absorbance lO^CMn '^*’]
30 0.366 7.04
60 0.303 5 .80
90 0.250 4 ,80
120 0.219 4.06
150 0.151 2 .90
180 0.105 2.02
210 0.052 1.00
54.
Table 16
[S^Og^ 3q = 0.1200
Time (min) Absorbance [lO^M n^*]
50 0.348 6.68
60 0.285 5.48
90 0.236 4 .52
120 0.166 3-20
150 0.094 1.81
180 0.035 0.68
210 0.006 0.12  
. _ ___i
Table 17
V a ria tio n  o f  I n i t i a l  Rate (R^) w ith  I n i t i a l  P eroxod isu lphate
co n ce n tra tio n
. 2+
"o[Mn^ =  0 .0 0 8 0 1 0  m o l e A  
[K gSO ^] =  0 . 2 5 0  m o l e A
Tem perature = 6o)o°C
lO ^ C S gO g^ "]^  m o l e A 10^ R  ^ mole A  A i n
4.982 1.57
6.016 1.88
6.896 2 .23
8.000 2.70
8.987 2 ,82
10.04 3.20
12.00 5.99
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Order w ith  re s p e c t to  m anganese(I I )
The e f f e c t  o f  v ary ing  th e  i n i t i a l  co n ce n tra tio n  o f m anganese(II) 
on the  i n i t i a l  r a te  o f  the  r e a c t io n  was in v e s t ig a te d .  The i n i t i a l  
c o n ce n tra tio n  o f  p e ro x o d isu lp h a te  was h e ld  co n stan t a t  O.O80OO m o le /l w hile 
th a t  o f  mangguiese(ll) was vsœied from O.OO518O mole/L to  O.O318O m o le /l .
The re a c t io n  m ixture was made 0.250  m o le /l in  po tassium  su lp h a te  to  m ain ta in  
a  f a i r l y  c o n s ta n t io n ic  s tre n g th  o f  about 1 .00 m o le /l .
The p lo t  o f  m anganese(II) c o n ce n tra tio n  v e rsu s  time gave a  s t r a ig h t  
l i n e  in  each case , a s  mentioned e a r l i e r ,  th u s  in d ic a t in g  zero o rd e r k in e t ic s  
w ith  re s p e c t to  t h i s  r e a c ta n t .  M oreover, a  p lo t  o f  i n i t i a l  r a t e  ve rsu s  
i n i t i a l  m anganese(II) co n ce n tra tio n  (F ig . 13) gave a  s t r s d ^ t  l i n e  p a r a l l e l  
to  th e  co n ce n tra tio n  a x is ,  confirm ing th e  zero o rd e r w ith  re s p e c t to  
m an g an ese(II).
The experim en tal d a ta  a re  given in  T ab les l 8-24  w hile  the  [ M n ( I I ) ] / t i r e  
p lo t s  a re  shown in  F ig s . The d e ta i le d  procedure fo r  th e  d e te rm in a tio n
o f  [M n(II)] i s  s ta te d  fo r  each ru n .
F or a l l  th e  ru n s  th e  fo llo w in g  i n i t i a l  c o n d itio n s  a re  a p p lic a b le :
^ ^ 2^ 8^ " ^ o “  m o l e A
CK^SOj^] =  0 . 2 5 0  m o l e A
T e n te ra tu re  = 60*^ C
A ll concentrations are in units o f moleA »
58.
CMn^]
Table 18
= 0,005180
5 ml sample t r e a te d  as  d esc rib ed  in  
p . 47 » r e s u l t in g  s o lu tio n  d i lu te d
to  100 ml and 0 ,D, m easured.
Table 19
= 0.01060
5 ml sanp le  t r e a te d  as  in  a l l  
p rev io u s  runs and r e s u l t in g  
s o lu t io n  d i lu te d  to  250 m l.
Time
(min) Absorbance
4 .040.211
2.680.139
0.106 2 .04120
180 0,021
240 0.0400.002
Time
(min)
150
210
270
530
390
450'
Absorbance lO ^[M n^]
0.144
0.107
0.080
0.043
0.036
0.017
6.90
5-15
3.80
2.05
0.680
0.320
**
MnO  ^ s o lu tio n  d i lu te d  to  100 m l.
Table 20
2+ -CMn = 0,008450
Procedure fo r  a n a ly s is  as  in  Table 18 
above
Table 21
2+ -[Mn^ ] = 0.02120o
A n alysis  a s  in  Table 19 above,
Time
(min)
50
90
120
150
180
210
240
Absorbance lO^CMn^^]
0.339
0.289
0.245
0.209
0.163
0.121
0,081
6 ,48
5 .5 4
4 ,70
4.01
3,14
2 .32
1.56
Time
(min)
150
210
270
330
39Ô
450
480
Absorbance lO^CMn '^*']
0,365 1.76
0.332 1.59
0.300 1.44
0.272 1.30
0.241 1.155
0.209 1 .00
0.189 0.905
59.
Table 22
= 0.02575o
A n aly sis  : 5 ml sample t r e a te d  as 
u su a l b u t d i lu te d  to  500 ml b e fo re  
O.D. was m easured.
Table 25
Time
(min)
60
180
210
240
295
560
420
450
Absorbance
0.255
0.228
0.212
0.202
0.193
0.180
0.161
0.151
2 .44
2.19
2 .0 3
1.94
1.85
1.72
1.54
1.44
2+ -CMn^  = 0.03175
5 ml sample d i lu te d  to  50 ml and 
then  5 ml o f  t h i s  d ilu te d  sample 
t r e a te d  a s  u su a l, d i lu t in g  MnO|^  
s o lu t io n  to  100 ml and O.D. m easured.
Time
(min) Absorbance lO^ CMn^ "*"]
60 0.160 3.08
120 0.150 2 .88
180 0.138 2.66
240 0.132 2 .54
300 0,124 2 ,38
360 0,115 2.20
420 0,105 2 ,02
Table 24
2+ .V a ria tio n  o f  R w ith  [Mn ] o o
^®2^8^'^o ~ 0.08000 m o le /l 
CK^SO^J = 0 .250 m o le /l 
Tem perature = 6o°C
lO^CMn^] moleAo
0.5180
0.8010
0,8450
1.060
2.120
2.580
3.180
10^ R m o le A A ia
2 .70
2 .69
2.67
2.67  
2 .60
2.70 
2.82
604
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S a lt e f f e c t
The e f f e c t  which added s a l t s  may have on th e  r a te  o f  a  chemical 
re a c t io n  may be seen  by co n sid e rin g  a  r e a c t io n  which has a s  i t s  r a te  
d e term in ing  s te p  th e  b im o lecu lar r e a c t io n  o f  two io n s  A and B (w ith  
charges and Z^) to  form th e  a c t iv a te d  complex AB* which e v en tu a lly  
tu rn s  in to  th e  r e a c t io n  p ro d u c ts  (eq u a tio n  C 69]).
A + B = AB* = Products . . . . . .  [69]
The r a t e  o f  t h i s  r e a c tio n  i s  g iven  by
r a te  = k[A][B] ............. C?0]
where k i s  th e  experim en tal r a te  c o n s ta n t. However th e  r a t e  o f  th e  re a c t io n
i s  a lso  p ro p o r tio n a l to  th e  co n ce n tra tio n  o f  th e  a c t iv a te d  complex.
r a te  = k ' [AB*] ............. [ ? 1]
The e q u ilib riu m  c o n stan t K fo r  the  fo rm ation  o f  th e  complex i s  given by 
eq u a tio n  [7 2 ] .
K = ^AB* = [AB*] . ^AB* ............ [? 2]
a^ . [aJ[BJ
where a  s tan d s  f o r  th e  a c t i v i t y  and f  fo r  th e  a c t i v i t y  c o e f f ic ie n t  o f  the  
re s p e c tiv e  i^ e c ie s .
From eq u atio n  [72]
[AB*] = K[A][B] . F ............. [733
where
F = ............. [ ? 4]
W
In tro d u c in g  [73] in to  C7I] g iv es
r a t e  = k 'K[A][B] . F . . . . . .  [75]
64.
E quating  [753 and [? 0 ] g ives
k = k 'K " F = k^ " F   [76]
and ta k in g  lo g a rith m s
lo g  k = lo g  k^ + lo g  F   [77]
A ccording to  th e  s im p le s t form o f  th e  Dehye-Huckel th eo ry , a p p lic a b le  
to  very  d i lu te  s o lu t io n s , th e  a c t i v i t y  c o e f f ic ie n t  i s  r e la te d  to  th e  charge Z 
and io n ic  s tre n g th  I  by the  eq u a tio n
P ilo g  f  = -  I  . . . . . .  [78]
where Q i s  a  c o n s ta n t.
Taking lo g a rith m s  o f  [74]
lo g  F = lo g  f^  + lo g  fg  -  lo g  f ^ *    [79]
In tro d u c in g  [78] in to  [79] and b e a rin g  in  mind th a t  th e  charge on the  
a c t iv a te d  complex i s  th e  a lg e b ra ic  sum o f  Z^ and Zg
lo g  F = -  QI*' -  (Z^ + Zg)^ J  = ZOZ^Zgl"^
  [80]
S u b s ti tu t in g  f o r  lo g  F in  [ 77]  g iv es
I
lo g  k = lo g  k^ + 2QZj^ZgI^ . . . . .  . [81]
The value  o f  Q i s  approx im ately  0.51  in  aqueous s o lu t io n  a t  25° and 0.55  
a t  60°Co
E quation  [81] th u s  im p lie s  th a t  any added s a l t  i r r e s p e c t iv e  o f  i t s  
n a tu re  w i l l  have a  profound e f f e c t  on re a c tio n s  in v o lv in g  io n s . The r a te  
w i l l  d ecrease  i f  A and B a re  o p p o s ite ly  charged, and in c re a se  i f  th e  
charges a re  s im ila r  w hile  i f  e i th e r  A o r  B i s  n e u tra l  th e  io n ic  s t r e n g th  
e f f e c t  should  be z e ro .
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A lth o u ^  eq u a tio n  [ 8 l j  i s  v a l id  in  very  d i lu te  s o lu tio n s , 
d e v ia tio n s  from l i n e a r i t y  a re  observed when lo g  k i s  p lo t te d  a g a in s t  
the  square  ro o t  o f  I  beyond 0.001  m o le /l which i s  a lso  the  l im i t  o f  
eq u atio n  [78] from which eq u a tio n  [81] was d e riv e d .
(57)E quation  [ 82] proposed by Davies i s  an inprovem ent o f  
eq u a tio n  [78] and the  o th e r  improved forms o f i t  proposed by Debye and 
H uckel. D av ies’ eq u atio n
lo g  f  -  -   -  0 .30  I  ^
\ 1 + l '^  /
[82]
le a d s  to
lo g  k  = lo g  k^ + 2QZ^.Zg F ’   [83]
in  which
[ 84]
Again a  p lo t  o f  lo g  k as  a  fu n c tio n  o f  F ’ sh o u ld  r e s u l t  in  5 s t r a i ^ t  l i n e  
th e  s lo p e  o f  which g iv es  Z^.Zg. E q u a tio n  [83] h o ld s  to  io n ic  s t re n g th s  o f
up to  0 .2  m o le / l . Even t h i s  inproved rsinge i s  low er th an  the  lo w est p o s s ib le
io n ic  s t r e n g th  in  t h i s  woik because a t  low c o n ce n tra tio n  o f  p e ro x o d isu lp h a te
th e  re a c t io n  becomes too slow to  be fo llow ed .
In  a d d it io n  to  th e  io n ic  s tre n g th  e f f e c t  d iscu ssed  above added s a l t s  
may form io n -p a ir s  e s p e c ia l ly  a t  h i ^ e r  c o n ce n tra tio n  where th e  Debye-Huckel 
and Davies eq u a tio n s  no lo n g e r ap p ly . Io n -p a ir in g  may change th e  co n ce n tra tio n  
o f  th e  r e a c t in g  sp e c ie s  as  w e ll as  th e  io n ic  s tre n g th , and most im p o rtan t 
io n -p a ir in g  may inv o lv e  one o r  more r e a c ta n ts  th u s  in tro d u c in g  co n sid erab le  
changes in  th e  e l e c t r o s t a t i c  in te r a c t io n s  between th e  re a c tin g  io n s .
Even though e x ac t agreem ent between th eo ry  and o b se rv a tio n  a t  I  = 1 
i s  n o t expected ; i f  allow ance i s  made fo r  io n -p a ir in g , th e  Davies* eq u a tio n  
should g ive  an approxim ate account o f  a c t i v i t y  c o e f f ic ie n ts  and th e re fo re  r a t e s .
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s u f f i c i e n t ly  tru e  to  in d ic a te  a t  l e a s t  the  c o r re c t  s ig n  o f v a r ia t io n  
o f  lo g  k w ith  a  s u i ta b le  fu n c tio n  o f  I .
F in a l ly  i t  has to  be remembered th a t  the  tre a tm en t depends upon 
A and B being  id e n t i f i a b le  an d /o r o f c a lc u la b le  c o n c e n tra tio n . They may 
be th e  r e a c ta n ts  a s  added to  th e  m ixture b u t they  may a lso  be d e rived  
from th e  "made up" r e a c ta n ts  v ia  a  s e r ie s  o f  p r e - e q u i l ib r i a .
The e f f e c t  o f  added s a l t s  on the  r a te  o f  the  r e a c t io n  was 
in v e s t ig a te d  a t  c o n s tan t i n i t i a l  p e ro x o d isu lp h a te  and m anganese(II) 
c o n c e n tra tio n s . The added s a l t s  were potassium  su lp h a te , sodium su lp h a te  
and sodium p e rc h lo ra te .  The in d iv id u a l ru n s  a re  shown in  T ables 25-40  and 
F ig s . 14- 29 .
I t  can be seen from Table 41 and F ig . JO which summarise th e  
e f f e c t  o f  the  added s a l t s  th a t  the  v a r ia t io n  o f  potassium  io n  co n cen tra tio n  
has l i t t l e  n o tic e a b le  e f f e c t  excep t a t  r e l a t i v e ly  h i ^  c o n cen tra tio n s  
([K^] > 0 .4  m o le / l) ,  when the  r a te  i s  d im in ished .
Sodium io n  has a  s p e c i f ic  n eg a tiv e  e f f e c t  even a t  c o n cen tra tio n s  
a s  low a s  0 ,1  m ole/l and th e  e f f e c t  i s  the same w hether i t  i s  added as 
su lp h a te  o r  p e rc h lo ra te  (w hereas a d d it io n  o f  su lp h a te  seems to  produce a 
d i f f e r e n t  e f f e c t  when added a s  K^ SO^  ^ r a th e r  than  Na^SOj^,), and th i s  i s  an 
in d ic a t io n  th a t  the  e f f e c t  i s  due s o le ly  to  the  c a tio n  r a th e r  th an  anion  
o r  io n ic  s t r e n g th , th e  e f f e c t  o f  which p a sse s  t h r o u ^  a  shallow  minimum 
over idle range in v e s t ig a te d .  Thus th e  e f f e c t  o f  sodium io n  and o f  
po tassium  io n  a t  h i ^  co n ce n tra tio n  may be due to  io n -p a ir  form ation  
which d ec rea se s  th e  c o n ce n tra tio n  o f  p e ro x o d isu lp h a te , th e re fo re  causing  
th e  sm all d ecrease  observed  in  th e  r a t e  o f  th e  r e a c t io n .
The fo llo w in g  experim en tal c o n d itio n s  app ly  to  T ables 25- 40 .
A ll c o n c e n tra tio n s  in  u n i t s  o f  m o le /l .
[8  Og^"] = 0.08000
CMn(II)]^ = 0.008450 
Tem perature = 6o.O°C
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Table 25
CK^SO^] = N il
Time
(min)
30
6o
133
i 8o
211
270
I  = 0.274
Absorbance 10^[Mn^^]
0.364
0.342
0.224
0 .153
0 .110
0.025
Table 27 
[K^SO^] = 0.100 
I  = 0.574
7.00
6.56
4.30
2.94
2.12
0 .48
Time
(min)
30
60
135
180
210
270
Table 26
CK^ SO^ J = 0.0500
I  = 0.424
Absorbance
0.362
0.331
0.217
0.149
0.107
0.024
Table 28
Ck^so^j = 0.150 
I  = 0.724
10^[Mn^’*'j
6,96
6.36
4.16
2.86
2.06
0.46
Time
(min) Absorbance lO^ CMn^ "*"]
Time "  
(min) Absorbance lO^CMn '^^J I
30 0.392 7 .52 30 0.369 7 .08
60 0.332 6.38 60 0.340 6.52
90 0.285 5.46 90 0.286 5 .48
120 0.243 4.66 120 0.252 4.84
150 0.202 3.88 150 0.202 3.88
180 0.147 2.82 280 0.147 2.82
220 0.090 1.72 220 0.099 1.90
Table 29 Table 30
CK^SO^] = 0.200 
I  = 0 .874
[K^SO^] = 0.250 
I  = 1.02
Time
(min) Absorbance lO^CMn^*]
Time
(min) Absorbance lO^CMn '^*']
50 0 .334 6.42 50 0.339 6 .48
90 0.269 5 .16 90 0.289 5 .3 4
120 0 . 24c 4 i 60 120 0.245 4.70
150 0.189 3.62 150 0.209 4.01
180 0.161 3.10 180 0.163 3.14
210 0.119 2.28 210 0.121 2.32
240 0.072 1.38
-
240 0.081 1.36
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Table
[NaClO^] = 0.200
I = 0.4?4
Table 32 
[NaClO^] = 0.400
I  = 0.674
Time
(min)
45
90
135
180
225
270
300
Absorbance 10^[Mn^^]
0.354
0.297
0.232
0.179
0.118
0.062
0.028
6.78
5 .70
4.46
3.44
2.26
1.20
0.54
Time
(rain)
4 l
60
105
155
195
240
270
Absorbance lO^CMn^^]
0.360
0.332
0.277
0.209
0.154
0.099
0.047
6.92
6.38
5 .32
4.00
2.96
1.90
0.90
Time
(rain)
40
60
105
150
195
240
270
Table 33 
[NaClO^] = 0.600 
I  = 0.874
Absorbance lO^[Mn^^]
0.356
0.341
0.273
0.215
0.164
0.092
0.071
6.84
6.54
5 .24
4.12
3.16
1.78
1.36
CNaClO^]
Time
(rain)
45
90
135
225
270
300
Table 34
= 0.8000 
I  = 1.07
Absorbance 10^[Mn^^]
0.572
0.305
0.258
0.143
0.089
0.056
7.16
5.86
4.94
2 .74
1.70
1.08
Time
(rain)
30
60
90
120
150
210
Table 35 
[NaClO^] = 1.000
I  = 1.27
Absorbance lO^CMn^* ]^
0.371
0 .343
0.295
0.275
0.228
0.156
7 .14
6.58
5.66
5*28
4 .38
3.00
69,
Time
(min)
45
90
155
l80
225
270
300
Table 36
CNa^ SO^ ] = 0.0500
I  = 0.424
•2 0+
Absorbance 10 [Mn ]
0.356
0.292
0.232
0.176
0.108
0.047
0.018
6.84
5160
4.46
3.38
2.08
0 .90
0 .34
[Na2S0^3 —
Table 38
0 .200  
I  = 0 .874
Time
(min)
45
90
135
225
270
300
Absorbance 10^[Mn^^]
0.337
0.286
0.238
0.114
0.052
0.025
6.46
5.48
4.56
2.20
1,00
0.48
Table 37 
=  O o '
I  = 0.574
[Na^SO^j 0 .100
Time
(min)
45
90
135
180
225
270
300
Absorbance 10^[Mn^^]
0.331 6.36
0.282 5 .42
0.220 4.22
0.151 2.90
0.094 1.80
0.031 0.60
0.005 0.10
Time
(min)
60
90
150
180
225
270
300
Table 39 
[Na^SO^^] = 0.250 
I  = 1.02
Absorbance 10^[Mn'
0.328 6.30
0.300 5 .76
0.222 4 .26
0.189 3.62
0.129 2.48
0.079 1.52
0.043 0 .8 2
2+ -
Table 40 
[Na^SO^] = 0.300 
I  = 1.17
Time
(min) Absorbance lO^CMn^*]
45 0.364 6.98
90 0.308 5 .92
135 0:143 4.66
180 0.193 3.70
225 0.147 2.82
270 0.094 1.82
300 0.051 0 .98
70-
Table 41 
The E f fe c t  o f  Added S a lts  
A ll c o n ce n tra tio n s  in  u n i t s  o f  m o le /l
CS^Og^"]© = 0.0800 m oleA  o f  (NH4)gS^0g 
[Mn^"^] = 0.008450o
Tem perature = 60 . 0°C.
S a l t  added C oncen tra tion [M"^ ] I 10^ R 0
m oleA /m in
N il - 0,274 2.80
0.050 0.100 0.424 2.80
u 0.100 0.200 0.574 2.90
V 0.150 0.500 0.724 2.84
II 0.200 0.400 0.874 2.65
If 0.250 0.500 1.02 2.66
NaClO^ 0.200 0.200 0.474 2.49
II 0.400 0.400 0.674 2.55
II 0.600 0.600 0.874 2.41
II 0.800 0.800 1.07 2.51
II 1.00 1.00 1.27 2 .32
0.050 0.100 0.424 2.65
II 0.100 0.200 0.574 2.68
II 0.200 0.400 0 .874 2.45
It 0,250 0.500 1,02 2.35
IT 0.500 0,600 1 .17 2 .34
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The t empe ra tu re  e f f e c t
In  t h i s  s e t  o f  runs (T ables 42-48 and F ig s , 51" 32) the  e f f e c t  
o f  changing the  tem perature  on the  r a te  o f  the re a c tio n  was in v e s t ig a te d .
The i n i t i a l  c o n cen tra tio n s  o f both  peroxod isu lphate  and m anganese(II) were 
k ep t co n stan t a t  0,08000 m o le /l and 0,009550 mole/L re sp e c tiv e ly  and the  
re a c t io n  m ixture was 0,250  m ole/l in  potassium  su lp h a te . The tem perature 
was v a rie d  from 50 , 0°C to  80 , 0°C, The re a c t io n  was in co n v en ien tly  slow a t  
50°C and too f a s t  above 80°C, The f i r s t  o rd e r r a te  co n stan t was ca lc u la te d  
by d iv id in g  the  i n i t i a l  r a te  by the  i n i t i a l  peroxod isu lphate  c o n cen tra tio n . 
Log k was p lo t te d  a g a in s t  the  re c ip ro c a l o f  tem perature (K elvin sca le )  and 
a s t r a ig h t  l in e  was ob ta ined  (F ig  , , 55) and from the  slope o f  t h i s  l in e
the  energy o f  a c t iv a t io n  was c a lc u la te d  accord ing  to  the  A rrhenius equation
In  k = A - ^    [85]
R T
The a c t iv a t io n  energy i s  found to  be 51*5 kcal/m ole  which i s  2 .0  kcal/m ole  
l e s s  than  the  a c t iv a t io n  energy fo r  the  uncata lyzed  decom position o f  
p e ro x o d isu lp h a te  (53*5 kcal/m ole) re p o rte d  by K olhoff and M ille r  and 
a lso  found in  t h i s  work under s l i ^ t l y  d i f f e r e n t  experim ental c o n d itio n s .
This su g g es ts  th a t  the  presence  o f m anganese(II) low ers the  a c t iv a t io n  energy 
o f  the  decom position o f  p e ro x o d isu lphate  a l t h o u ^  the  re a c t io n  i s  independent 
o f  i t s  c o n c e n tra tio n . The presence  o f  m anganese(II) a lso  in c re a se s  the 
r a te  o f  decom position o f  p e ro x o d isu lp h a te . The f i r s t  o rd e r r a te  co n stan t 
fo r  the  therm al decom position o f  pero x o d isu lp h ate  a t  60 , 0°C was found in  
in c re a se  from about 2 .60  x 10 ^ min  ^ (see  a lso  C hapter I I I )  in  th e  absence
o f  m anganese(II) to  5*30 x 10 ^ min  ^in  i t s  p re sen ce .
The value o f  A was determ ined by c a lc u la t in g  the  in te rc e p t  o f  the
s t r a ig h t  l in e  in  F ig , 55 on the  Y -axis ( i . e .  ^  = 0 ) .  I t  was found to  be
2.95 X 10^5 seo"'*.
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Table 42
Temperature = 50 .0  C
Table 43 
Temperature =
Time
(min)
•Z p i.
Absorbance 10 [Mn ]
45
90
135
180
270
315
0.461
0.456
0.452
0.436
0.401
0.398
0.391
8.84
8.76
8.68
8.36
7.68
7 .64
7.32
Table 44 
Temperature = 65 . 0°C
Time
(min) Absorbance
0.825
6.250.651
4 . 4i
0 .282 2.70120
1.010.105150
0.160.017
Time
(min) Absorbance lO^CMn^" ]^
45 0.492 9 .44
90 0.468 9.00
135 0.442 8.46
180 0.4o6 7.80
225 0.375 7.20
274 0.334 6.40
315 0.302 5.80
Table 45
Temperature 70 . 0°C
Time
(min) Absorbance 10 [^Mn '^* j^
15 0.817 7.84
30 0.606 ■ 5 .82
45 0.428 4.11
60 0.253 2 .43
75 0.078 0.748
90 0.013 0.124
105 0.013 0.124
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Table 46 
Temperature = 75 -0°C
Time
(min) Absorbance lO^ CMn^ "*"]
5 0,901 8.65
12 0.739 7.10
15 0,662 6,56
20 0.534 5 .1 3
25 0,422 4.03
30 0,508 2.96
35 0.190 1.82
40 0.077 0 .74
Table 4? 
Temperature = 80. 0°C
I  Time 
; (min)
5
10
15
20
25
30
35
Absorbance 10^[Mn^^]
0.825 7.90
0.598 5 .74
0.588 3.72
0.185 1.76
0.012 0.12
0,017 0.16
0.005 0.02
Table 48 
Temperature E f fe c t
= 0,08000 m o le /l
= Oo009350 m ole /l
=* 0,250 m ole /l[KgSO^]
Temp. 10^ 10^ R m ole /i/m in  10^ k min  ^ 4 + lo g  k
5 0 .0 3.0945 R e a c t i o n s l o w
55 .0 5.0474 1.40 1.75 0.2430
60.0 5.0017 2.69 3.36 0.5263
65.0 2.9573 5.79 7.24 0.8597
70.0 2.9142 11.9 14.9 1.1732
75.0 2.8725 22.7 28 .4 1.4533
80.0 2.8517 40.6 50 .8 1.7059
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Change o f  pH
Table shows the pH o f the  re a c ta n ts  in  i s o la t io n .  In  th i s  
ta b le  A and B re p re se n t ty p ic a l stock  s o lu tio n s  o f the two re a c ta n ts  
which were th e rm o sta tted  se p a ra te ly  and 25 ml o f  each then  p ip e tte d  and 
mixed to g e th e r  in  the  re a c t io n  v e sse l fo r  the k in e t ic  in v e s t ig a t io n .
Table 50 -  53 arid F ig . 54 show how the  pH o f the re a c tio n  m ixture changes 
w ith  tim e. In  the  therm al decom position o f  a  so lu tio n  o f  peroxod isu lphate  
the  pH d ecreases  because o f  the  s to ic h e io m e tr ic  equation
SgOg^" + H o^ = 2H'^  + 2S0^^' +   [2 ]
as was p o in ted  ou t in  the main in tro d u c tio n . In  the  p resence o f 
m anganese(II) the  r a te  o f  p ro d u c tio n  o f  hydrogen ions i s  in c reased  markedly.
The th i r d  column o f  Tables 50 -  53 g ives the hydrogen io n  co n cen tra tio n  
and in  F ig , t h i s  co n cen tra tio n  i s  p lo t te d  a g a in s t tim e. In  th ese  ta b le s  
i t  i s  assumed th a t  the  pH i s  a  measure o f  hydrogen ion  co n cen tra tio n  
( r a th e r  than  a c t iv i ty )  fo r  s im p lif ic a t io n .  F ig . 54 shows a p lo t  o f  hydrogen 
ion  co n ce n tra tio n  v ersus tim e fo r  a  re a c t io n  m ixture which i s  i n i t i a l l y  
0.1214  m o le /l in  p e ro x o d isu lphate  and 0,008450 m o le /l in  m anganese(II) 
io n s  “ curve 52 -  w hile curve 53 i s  the [H ^]/tim e p lo t  fo r  a  so lu tio n  which 
i s  0.1600 m o le /l in  pero x o d isu lp h ate  and co n ta in in g  no m anganese(II), a t  a l l .  
The i n i t i a l  r a te s  o f  p ro d uction  o f  hydrogen io n  a re  0.970  x 10 ^ m o le / l /  min 
and 0.667 X 10 ^ m ole /l/m in  re s p e c tiv e ly  d e sp ite  th e  h ig h e r i n i t i a l  
p e ro x o d isu lp h a te  co n cen tra tio n  in  the  second case . This c le a r ly  shows th a t  
the  p resence  o f  m anganese(II) in c re a se s  the  r a te  o f  p ro d uction  o f  hydrogen 
io n  which i s  an in d ic a t io n  th a t  t h i s  ion  i s  a p roduct o f  the  redox re a c tio n  
between p e ro x o d isu lp h a te  and mangsLnese(II).
However, as  can be seen from Table 51 in  which the pH does n o t f a l l  
f a r  beyond 5 even a f t e r  more than  fo u r hours, th e  hydrogen ion  co n cen tra tio n
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does n o t reach  such a value th a t  r a i ^ t  ca ta ly ze  the re a c tio n  -- a t  l e a s t  
du ring  th a t  p a r t  o f  the re a c tio n  which was s tu d ie d . Moreover our prime 
concern i s  w ith  the i n i t i a l  k in e t ic s ,  and the i n i t i a l  pH which i s  h ig h e r 
than  3 i s  too h i ^  to  render the re a c tio n  ca ta ly zed  by hydrogen io n .
For e s tab lish m en t o f the s to ich e io m etry  i t  would be d e s ira b le
i f  the observed pH change could be used to  compare the  r a te s  o f p ro d u c tio n
o f  hydrogen io n  w ith  the  r a te  o f  lo s s  o f  m anganese(II). A d i r e c t  comparison
fo r  example o f  th e  r e s u l t s  in  Table 30 w ith  those fo r  a  s im ila r  experim ent
desc rib ed  in  Table 30 shows th a t  -d [M n (I I ) ] /d t  = 2.66  x 10 ^ m ole/l/m in
w h ils t  d[H^3/ d t  = 0 .36  x 10 ^ m ole /l/m in  from 10 -  90 m inutes. However,
th i s  comparison tak es  no no te  o f  the  b u ffe r in g  e f f e c t  produced by su lp h ate
“2io n . Since the  second d is s o c ia t io n  co n stan t o f  H^ SO^  ^ i s  2 x 10 m o le /l 
a t  I  = 0 , and th e  co n cen tra tio n  o f  su lp h a te  ion  in  0.23  m o le /l, much o f  
the hydrogen ion  w i l l  go to  the  p ro d u c tio n  o f  HSO  ^ .
Thus n o tin g  th a t  the  pH v a r ia t io n  from 10 ~ 90 m inutes in  Table 50
i s  3.85 -  3"23 and u sin g  2 x 10 ^ m o le /l fo r  fo r  su lp h u ric  a c id , the
HSO  ^ co n cen tra tio n  i s  c a lc u la te d  to r i s e  from 0.0018 to 0.0074  m o le /l 
over t h i s  tim e, i . e .  th e re  has been a (concealed) fu r th e r  p ro d uction  o f  
hydrogen io n  a t  the  r a te  o f  7«0 x 10 ^ m o le /l/m in .
Thus a  very  approxim ate f ig u re  to  compare w ith  2.66 x  10 ^ m ole /l/m in
o f  M n(II) i s  7*8 X 10 ^ m ole /l/m in  (7 .0  x  10 ^ + O.56 x 10 ^ ) ; i . e .  fo r
every mole o f  m anganese(II) o x id ised  about 3 moles o f  hydrogen io n  a re  
produced.
The f a c t  th a t  hydrogen io n  i s  produced i s  undoubted, the  above 
q u a n t i ta t iv e  e s tim a te  must be regarded  a s  approxim ate.
Table 4-9 
pH o f the Separate  R eactan ts
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S o lu tio n
* *
0.500 m o le /l in  K SO^
0.2500 m o le /l in  K^SO^
C oncentra tion pH
(m ^)^s^O g (A) 0.1600 m o le /l 3-05
(m ^)2S208" 0.08000 " " 3-40
MnSO^* (B) 0.01438 " " 6.38
MnSO^** 0.007190 6.28
Table 50
= 0.08000 m oleA  
= 0.007190 m o le /l 
= 0.250 m oleA 
=  1.02
o
[K2S04]
R eaction  s ta r te d  by mixing 25 ml o f A and 25 ml o f  B o f  Table 49 
above•
Time (min) pH lO^CH^J m oleA  I
0
10
35
45
67
90
120
140
165
180
3-95
3.85
3.53
3-47
3.32
5 .2}
3-14
3.08
3-01
2.97
1.12
1. 4 l
2.95
3-39
4.79
5.89
7.27
8.32
9.77
10.72
Table 51
CS^Og '^Do = 0.08000 m ole/l 
[Kn '^*']^ = 0.005595 moleA
CK^SO ]^ = 0.250 m ole/l
I  = 1.01
94.
Time pH lO^ CH"*"] moleA Time pH lO^Ca'*'] me
5 4.15 0.708 140 5.097 7.998
10 4.040 0.912 150 3.068 8.551
20 3.830 1.479 165 5.052 9.290
50 3.660 2.188 180 2.988 10.28
45 5.510 5.090 190 2.978 10.52
50 3.480 5-540 200 2.952 11.17
60 3.410 5.890 210 2.927 11.83
70 3.560 4.565 225 2.912 12.25
80 3.508 4.920 255 2.902 12.55
90 5.262 5.470 240 2.888 12.94
105 5.206 6.223 245 2.892 12.82
120 5.155 7.031 250 2.882 15.12
150 5.122 7.551
95
Table 52 Table 53
2-[S^Og = 0.1214  m o le /l
= 0 .008450 m ole /l
= 0.250 m ole /l
= 1 , l 4
o
[KgSO^]
Time
(min) pH IO^Ch"^ ] moleA
7 3.772 1.690
9 3.732 1.854
11 5.688 2.057
13 3.650 2.239
15 3.618 2.410
17 3.592 2.559
19 3.560 2,754
21 3.535 2.917
23 3.507 3-112
25 3.487 3-258
27 3.472 3.373
30 3.438 3.648
33 3.417 3.828
35 3.398 3.999
38 3.378 4.188
40 3.366 4.305
43 3.345 4,519
45 3.326 4.721
[S^Og^- ] = 0 .1600 m oleA
= Nil
[KgSO^] = 0 .250 m oleA
Time
(min) pH lO^ CH"*"] m ole /l
0 4.270 0.603
5 4.055 0.902
7 3-955 1.11
10 3.875 1.33
13 3.815 1.53
15 3.780 1.66
17 3.750 1.78
20 3.700 2.00
22 3.678 2.10
25 3.645 2.27
28 3.615 2 .43
30 3.595 2.54
IH
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E ffe c t o f  Agita t io n
As i t  was mentioned e a r l i e r ,  when the two re a c ta n ts  a re  mixed
the so lu tio n  becomes tu rb id  and ev en tu a lly  a  p re c ip i ta te  which was found
to be manganese d io x id e , i s  formed. The suspended s o lid  p roduct was 
observed to  s e t t l e  w ith in  an hour and the  only d is tu rb an ce  to  which the 
p r e c ip i ta te d  manganese d iox ide was norm ally su b jec ted  was the  d is tu rb an ce  
caused by the  removal o f  the  sample fo r  k in e t ic  a n a ly s is , and th i s  was 
done in  such a  way as  to  cause the minimum p o ss ib le  d is tu rb a n c e . To see 
i f  t h i s  d is tu rb an ce  -  and th e  suspension  o f  manganese d iox ide -  has any 
n o tic e a b le  e f f e c t  on the r a te  o f  the  re a c t io n  two runs were perform ed 
sim ultaneously  ih  which one o f the  two re a c tio n  v e sse ls  was su b jec ted  to  
continuous a g i ta t io n  which k ep t the  manganese d iox ide suspended in  
so lu tio n  a l l  the  tim e. The o th e r  v e sse l was n o t d is tu rb e d  excep t by
the  cau tio u s  removal o f the  sam ple. One o f  the two id e n t ic a l  re a c tio n
v e sse ls  co n ta in in g  id e n t ic a l  m ix tures was m echanically  shaken u sin g  an 
e l e c t r i c a l l y  op era ted  g la ss  sh ak er. The o th e r  f la s k  was supported  by 
a  s tan d  which re s te d  on the  f lo o r  w ith o u t ever touching  the  bench on 
which the  shaker was o p e ra tin g . The r e s u l t  o f  the two runs i s  shown in  
Table 5^ and from F ig s . 35" 3^ the r a te s  fo r  the a g ita te d  and, und istu rbed  
a re  2 .76 x 10 ^ m o le /l/m in , and 2 .72  x 10 ^ m ole /l/m in  r e ^ e c t i v e l y .
Vt/hen one b e a rs  in  mind the  l im i t s  o f the  experim ental e r r o r  and the 
f a c t  th a t  in  a  normal run the  s o l id  p roduct s e t t l e s  down and i s  no t 
d is tu rb e d  excep t by the  removal o f  the  samples one i s  le d  to  the 
conclusion  th a t  d is tu rb in g  the  p r e c ip i ta te  does n o t have any s ig n if ic a n t  
e f f e c t  on th e  r a te  o f  the  r e a c tio n .
Teble 54 98.
0.08243 m o le /l
[Mn^^] = 0.009889 m o l e A
[K^SO^] = 0.250 m o le /l
Temperature = 6 0  . o ° c
Time M echanically  a g ita te d U ndisturbed
(rain) Absorbance lO ^ C M n ^ '^ jm oleA Absorbance lO^CMn^+lmole/l
45 0.855 8.21 0,861 8.27
75 0.780 7.49 0.785 7.54
105 0.701 6.73 0.699 6.71
135 0.608 5 .84 0 . 6l 4 5.90
180 0.476 4.57 0.492 4.72
225 0.349 3.35 0.357 3.43
270 0.219 2.10 0.233 2.23
The e f f e c t  o f  added su rface
l.b was p o in ted  o u t in  the  main in tro d u c tio n  th a t  the  therm al
decom position o f  pero x o d isu lp h ate  and some re a c tio n s  in v o lv in g  i t  e x h ib it
chain c h a r a c te r i s t ic s  and because chain re a c tio n s  a re  s e n s it iv e  to  added
su rface  i t  seemed a p p ro p ria te  to  f in d  o u t i f  the  pe ro x o d isu lp h ate-
m anganese(II) re a c t io n  shows such an e f f e c t .  Table 54 shows th e  r e s u l t s  o f
th re e  ru n s  which a re  id e n t ic a l  in  a l l  a sp e c ts  except fo r  the  amount o f  g la s s
wool which was used a s  the  added s u rfa c e . The i n i t i a l  r a te s  (R ) -  showno
in  the  bottom row o f  the  ta b le  -  a re  c a lc u la te d  from F ig . 37» The r e s u l t s  
show th a t  the  r a te  d ecreases  w ith  in c re a s in g  amount o f  g la s s  wool. T herefore 
added su rfa ce  seems to  r e ta rd  th e  re a c t io n . However, when th ese  r e s u l t s
-p
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are  con^ared w ith  those  on r e p ro d u c ib il i ty  -  one could deduce th a t  the 
g la s s  wool, a lthough  washed se v e ra l tim es w ith  d i s t i l l e d  and double d i s t i l l e d  
w ater and d r ie d  in  the  oven, m ight w ell have in troduced  im p u r itie s  which 
a f fe c te d  the r a t e .
A ll runs used fo r  d isc u ss io n  purposes invo lve no added su rface  and 
indeed r e f e r  to  a  co n stan t a re a  o f  su rface  a v a ila b le .
Table 55
^ 0.08245 mole/1  = O.OO9889 m o le /l
CK^SO^] = 0.250 mole/L Temperature = 60,o°C
G lass wool N il (a) 2.00 gm (b) 5.00 gn (c)
Time (min) Absorbance 1CMtMnf+]
4
Absorbance lO^CMn ] * 3r 2+Absorbance 10 LMn
45 0.871 8.56 0.868 8.55 0.559 8.62
90 0.727 6.98 0.761 7.30 0.525 7.80
155 0.592 5.68 0.652 6.07 0.280 6.72
180 0.455 4.58 0.510 4.90 0.258 5.71
225 0.517 5.04 0.571 5.56 0.191 4.70
270 0.186 1.79 0.280 2.69 0.154 3.70
300 0.100 0.96 0.217 2.08 0.112 • 2.69
10^ R  ^ m o le /l 2 , 88 2. 53 2, 25
* 5 ml sample d i lu te d  to  100 ml 
** 5 ml sarrqple d i lu te d  to  250 ml
102,
R
vûGO
I
I
1/aiora
103.
The e f f e c t  o f  f r e e - r a d ic a l  c ap tu rin g  agen ts
V/hen sea rch in g  fo r  a  s u i ta b le  b u ffe r  potassium  hydrogen p h th a la te  
(A nalar grade) was t r i e d ,  A re a c tio n  m ixture which was 0«0800 m o le /l in  
p e ro x o d isu lp h a te , 0.0100  m o le /l in  manganese( I I ) , 0.250  m o le /l in  potassium  
su lp h a te  and 0 .1  (o r  0 ,05) m o le /l in  p h th a la te  was observed to  s tay  c le a r  
when k ep t a t  60° fo r  as  long  as 8 hours ind icaU ng  th a t  no o x id a tio n  o f 
m anganese(II) ta k e s  p lace  in  the p resence  o f p h th a la te .  However i t  was 
no t p o s s ib le  to  follow  the  co n cen tra tio n  o f  m anganese(II) as p h th a la te  was 
found to  in te r f e r e  w ith  i t s  spec tropho tom etrie  d e te rm in a tio n , bu t the 
absence o f  any p r e c ip i ta te  o r even a suspension  o f  manganese d iox ide was 
a  c le a r  in d ic a t io n  th a t  no o x id a tio n  o f  manganese was tak in g  p la c e .
To pursue the  e f f e c t  f u r th e r ,  re a c t io n  m ix tures sim ilair to  those 
above (excep t f o r  the  absence o f  p h th a la te )  were made 0.1 and 0 ,05 m o le /l 
in  a l l y l  a lco h o l, an e f fe c t iv e  f re e  r a d ic a l  t r a p .  This was found to  b rin g  
the  redox re a c t io n  to  a  v i r tu a l  s to p .
The e f f e c t  o f th e  two compounds ( i . e .  p h th a la te  and a l l y l  a lco h o l) 
shows th a t  the  redox re a c tio n  between m anganese(II) and peroxod isu lphate  
in v o lv es  f re e  r a d ic a ls  and probably  a  chain  mechanism.
R ep ro d u c ib ility
The m anganese(II) - peroxod isu lphate  re a c tio n  was found to  be very 
s e n s i t iv e  to  th e  q u a li ty  o f  the  w ater used . Like some o th e r  re a c tio n s  o f  
pe ro x o d isu lp h a te  w ith  in o rg an ic  s u b s t r a t e s ^ t h e  r e s u l t s  were 
rep ro d u c ib le  on ly  when w ater r e - d i s t i l l e d  from a lk a l in e  potassium  
permanganate was used and only  when the  r e - d i s t i l l a t i o n  was c a rr ie d  o u t w ith  
the  utm ost c a re . Runs made u sin g  the  same l o t  o f  double d i s t i l l e d  w ater 
were q u ite  rep ro d u c ib le  w ith in  them selves b u t th i s  consis tency  was no t 
always th e  case when runs o f  one l o t  o f  w ater were conpared w ith  those made
104.
usin g  a  d i f f e r e n t  l o t .  However, a number o f c a re fu lly  c o lle c te d  l o t s  o f 
w ater gave the  r a te  o f  2.69 x 10 ^ m ole /l/m in  a t  60°C w ith  the i n i t i a l  
p e ro x o d isu lphate  co n cen tra tio n  o f  O.O80OO m ole /l -  co n cen tra tio n  o f 
m anganese(II) be ing  o f  l i t t l e  im portance as  r a te  i s  independent o f  i t .
This value was used a s  a  stsindard fo r  checking the  q u a li ty  o f  w a ter.
T ab les 56 A, B and F ig s . 38-^1 show the  r e s u l t s  o f fou r runs u sing  
two d i f f e r e n t  l o t s  o f  w ater (A and B) and in  which the  consistency  o f  each 
p a i r  i s  q u ite  reaso n ab le  b u t the  comparison w ith  the  o th e r  p a i r  i s  q u ite  
p oo r. Both l o t s  o f  w ater were r e je c te d .
Table ^6 
Lot A
= 0.08000 mole/l = 0.007190 m ole /
= 0.230 m ole /l Temperature = 6o.O°C
Time
(min) Run 1 Run 2
Absorbance 10^[Mn^^] Absorbance lO^CMn^^]
30 0.331 6.36 0.334 6.40
90 0.291 3.38 0.280 3.36
150 0.226 4.34 0.222 4.26
210 0,169 3.24 0.172 3.30
270 0.112 2.16 0.113 2.18
10^ R 1.83 1.78
Table 56 
Lot B
[KgSO^]
0.08000 m o le /l 
0.250 m o le /l
105.
[Mn^'*’] o  = 0 ,0 0 7 7 2 5  m o l e A
Temperature = 60. 0°C
Time \ 
(min) Run 1 Run 2
Absorbance lO^CMn^^] Absorbance lO^CNn^*]
30 0.354 6,80 0.358 6.88
60 0.318 6.10 0.337 6.46
120 0.276 4.90 0.271 5.20
150 0.235 4.50 0.235 4.50
180 0.198 3.80 0.191 3.66
240 0.143 2.74 0.154 2.96
300 0.087 1.66 0.087 1.66
10^ R 0
m o le / l /
1.90
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1.93
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D I S C U S S I O N
The ex p erim en ta l r e s u l t s  p re se n te d  in  th e  p reced in g  s e c tio n s  can be
summarised a s  fo llo w s :
1. The r a t e  o f  th e  r e a c t io n  i s  independent o f  m anganese(II) c o n ce n tra tio n  
and i s  f i r s t  o rd e r  in  p e ro x o d isu lp h a te  c o n c e n tra tio n , and d e sp ite  t h i s
2 . The observed  f i r s t  o rd e r  r a t e  c o n s ta n t fo r  th e  redox re a c t io n  i s
app ro x im ate ly  h ig h e r  th an  th e  f i r s t  o rd e r  r a t e  co n s ta n t fo r  
th e  therm al decom position  o f  p e ro x o d isu lp h a te .
3* The a c t iv a t io n  energy fo r  t h i s  redox re a c t io n  i s  r e l a t i v e ly  h i^ i
(31*5 k ca l/m o le ) and i s  on ly  2 k ca l/m o le  low er th an  th e  a c t iv a t io n  
energy  f o r  th e  therm al decom position  o f  p e ro x o d isu lp h a te  ( 33«5 k c a l/m o le ) .
4 . The r a t e  o f  th e  r e a c t io n  i s  a lm ost independen t o f  io n ic  s tr e n g 1±i -  apsLrt
from th e  e f f e c t  o f  io n -p a ir in g  on tjie  c o n c e n tra tio n  o f  p e ro x o d isu lp h a te .
5 . Added s u rfa c e  ( ^ a s s  wool) may r e ta r d  th e  r e a c t io n .
6 . The redox r e a c t io n  i s  in h ib i te d  by p h th a la te  and a l l y l  a lc o h o l.
7 . The r a t e  o f  th e  r e a c t io n  i s  s e n s i t iv e  to  th e  q u a l i ty  o f  th e  w ater
u sed .
8 . The i n i t i a l  r a t e  o f  d isap p earan ce  o f  p e ro x o d isu lp h a te  i s  equal to  th a t
o f  m anganese(II) which su g g es ts  th a t  th e  two r e a c ta n ts  a re  consumed in  
equ im o lar q u a n t i t i e s .  M oreover hydrogen io n  and manganese d io x id e  a re  
p ro d u ced . T h e re fo re  th e  s to ic h e io m e try  o f  the  r e a c t io n  may be expressed  
a s
M n(II) + SgOg^" + 2HgO = MnO  ^ + 2S0j^^" + 4E*
...... [86]
9 . The r a t e  law  i s
-aCSgOg^"] .= -d [M n(II) ]  .=  k^g£SgOg^“] [87]
at at
where / S  3.3O x  IO” a t  60°C and in  a  s o lu t io n  which i s
0 .250  m o le /l  i n  po tassium  s u lp h a te .
The r a te  law may a lso  be exp ressed  as
109.
*^obS, "  2 .95  X 10^5 ejq) C - ^ — ) s e c " ’   [ 88]
i n  th e  tem p era tu re  range 55° -  80°C and in  0.250  m o le /l K^SO^ 
s o lu t io n .
A proposed  mechanism
The f a c t  t h a t  th e  r e a c t io n  i s  f i r s t  o rd e r  w ith  re s p e c t to  p e ro x o d isu lp h a te  
and zero  o rd e r  w ith  r e s p e c t  to  m anganese(II) and th e  h ig h  energy o f  a c t iv a t io n  
su g g est t h a t  th e  r e a c t io n  h as i t s  r a te  de term in ing  s te p  in  th e  therm al 
decom position  o f  p e ro x o d isu lp h a te , b u t any proposed mechanism must a lso  
e x p la in  why th e  p re sen c e  o f  m anganese(II) in c re a s e s  the  r a te  o f 
decom position  o f  p e ro x o d isu lp h a te  a l t h o u ^  th e  r a t e  o f  th e  r e a c t io n  i s  
independent o f  i t s  (M n (II)) c o n c e n tra tio n . The s e n s i t i v i t y  o f  th e  r e a c t io n  
to  im p u r i t ie s  in  th e  so lv e n t (w a te r ) , th e  p o s s ib le  s e n s i t i v i t y  to  su rfa c e  
and th e  e f f e c t  o f  f r e e  r a d ic a l  c ap tu r in g  ag en ts  su ggest t h a t  th e  r e a c t io n  
may have a  ch a in  mechanism.
A p o s s ib le  ch a in  mechanism which can e x p la in  the  observed k in e t ic s  
i s  th e  fo llo w in g  :
SgOg^” ^5 2S0  ^ slow   [5 ]
+ H O  H  ESO^" + OE   [6 ]
M n(II) + OB ^^ 89 M n(III) + 0E~   [89]
Mn(IXI) + S Q g^' ^90 Mn(IV) + S o / "  + SO^" ...............  [ 90]
M n(IH ) + 80^" Mn(IV) + SO^^" ............ [ 91]
OH w i l l ,  in  an  a c id  medium, m ainly  d isap p e a r to  produce w a te r . An 
o v e ra ll  r a p id  s e t  o f  s te p s  summarised a s
Mn(lV) + 2EgO = MnOg + 4E’’' ............ [ 92]
w ill  th en  le a d  to  th e  observed  h y d ra ted  manganese d io x id e .
i
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T his mechanism to g e th e r  w ith  C92] i s  c o n s is te n t  w ith  the. s to ic h e io m e try  
exp ressed  in  eq u a tio n  [ 86] in  th a t  and M n(II) a re  consumed mole fo r
mole, a re  produced in  p r e c ip i t a t in g  MnO  ^ and one OH and one 
( in  HSO^ ^^  ) a re  produced fo r  every  OH r a d ic a l  so th a t  the  4H  ^ p ro d u c t i s  
u n d is tu rb e d .
In  t h i s  mechanism s te p  [5 ] i s  th e  r a t e  de term in ing  s te p  and i t  can 
be tak en  a s  e s ta b l is h e d  (see  C hapter I ) .
SOi^  once formed w i l l  be very  r e a c t iv e  and th e  most l i k e ly  sp e c ie s  
fo r  i t  to  meet in  e a r ly  enco u n te rs  i s  the  s o lv e n t .  Hence th e  w e ll documented 
eq u a tio n  [ 6] .
OH w i l l  a lso  be a  r e a c t iv e  s p e c ie s .  I t  does n o t seem l i k e l y  th a t  i t  
w i l l  r e a c t  w ith  w a te r o r  any d is so lv e d  oxygen. The s in g le s t  r e a c t io n  i t  
can undergo to  p roduce a s ta b le  sp e c ie s  i s  to  a cc e p t an e le c t ro n .  Thus some 
p o te n t i a l  red u c in g  ag en t must be i t s  l i k e l y  p a r tn e r  in  r e a c t io n .  The on ly  
s p e c ie s  p re s e n t  in  any q u a n tity  i s  M n (ll) .. Hence eq u a tio n  [8 9 ] .
M n(III) i s  n o t th e  observed  p ro d u c t, so some re a c tio n  le a d in g  to  
a n o th e r one e le c t r o n  o x id a tio n  i s  re q u ire d . M n(III) i s  an. in te rm e d ia te  so 
p re s e n t  in  sm all c o n c e n tra tio n s . Hence i t s  l i k e l y  o x id an t, i f  the  re a c t io n  
i s  to  b ea  main r e a c t io n  p a th , must be in  la rg e  amount. Hence eq u a tio n  [9 0 ] .
Suppose e q u a tio n  [90] i s  n o n e x is te n t, in  which case the  r a te  o f  
d isap p earan ce  o f  p e ro x o d isu lp h a te  w i l l  be g iven  by [93]
-dCS^Og^”] = k^CS^Og^”] + 0   [93 ]
,dt
T h is , however, c o n tra d ic ts  th e  observed f a c t  t h a t  in  th e  p resen ce  o f  
M n(II) k^^,. i s  27% l a r g e r  th an  k ^ . T herefo re  C90] i s  necessa ry
Suppose [91] i s  n o n e x is te n t and l e t
[S0^"3 = X
[OH] = y 
C M n (III)] = z
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Hence
-dCS^Og ] -  k^CS^Og ] + z [S^Og ] . . .*  [94]
d t
- d[M n(lI ) ]  = kg y [M n (ll) ]  ......... [95]
d t
and d[Mn(IV)] = z CS^Og^"]   [96]
I t  was e x p e r im e n ta lly  observed  th a t  [ 94] and [95] a re  e q u a l. But s in ce  
the  r a t e  o f  d isap p ea ran ce  o f  M n(ll) should  be th e  same a s  th e  r a t e  o f  
appearance o f  Mn(IV) [95] and [96] must be e q u a l, which w i l l  le a d  to  th e
e q u a l i ty  o f  [96] and [ 94] which o f  course i s  ing>ossible. T herefo re  [9 I ]
i s  a lso  n e c e s sa ry .
T h ere fo re  th e  mechanism needs b o th  eq u a tio n  [90] and [91] -  th e  
form er b e in g  fo llow ed  by th e  l a t t e r  and n o t v ice  v e rs a . Hence
-dCS Og^"] = -d [M n (II)]  = d[Mn(IV)].................................. .........  [97]
d t  d t  d t
o r
*^ 90 = kgg y [M n(II)] = k ^  z •^ ®2° 8^ '^  + % %
  [98]
From the  s te a d y  s t a t e  approxim ation
  [ 9 9 ]D oy ”
T here fo re
^  = kg X -  kgg y  [M n (ll) ]  = 0
kg X = kgg y [M n (Il)] [100]
S u b s t i tu t in g  kg x f o r  kg^ y [M n(II)] in  [98] and d iv id in g  by kg g iv es  
k^[S 20g2-] + kgQ z [SgOg^-] = X
and s u b s t i t u t in g  f o r  x  in
k  [S g O g ^ lf  k ^  z  [SgOg^-] = kgo z [SgOg^-] + k^^ z X . . . .  [98]
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g iv es - s < 1  * ^  0
o r
'^90 *^ 91 '^ 5 ^^ 91 ^ ■ '^ 5 ‘'6  = °    [ 102]
and t h i s  i s  a  q u a d ra tic  eq u a tio n  o f  th e  form
2
a z  + b z + c  = 0   [103]
T herefo re
z = ‘ *'5 ‘"91 “" s ‘'e  % ’'91   [ 104]
^ ''9 0  '^ 91
i s  l i k e l y  to  be th e  s m a lle s t  term  and c le a r ly  i t  i s  much sm a lle r  th an  
kg whence
^5 ^91 ^  ^ ^5 ^6 ^90 ^91
U sing th e  B inom ial theorem , where b i s  very  sm all;
(a  + b ) “ a ^  + r  a  ^  b   C1053
A pplying th e  app rox im ation  [103] fo r  th e  num erator in  eq u ation  [ 104] g iv es
/;-------------------------  s '  Si'num erator kg k ^  k^^ * ~ kg k^^
y S S 90 Si
^  \ / k  k^ kg k^Q kg^ . . . • • •  C106]
T herefo re
g /  ^5 ^6   [107]
V k^^
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-dCSgOg^"] = kgCSgOg^"] + kgo  ^   [94]
d t
S u b s t i tu t in g  fo r  z in  [ 94] g iv es
-dCSgOgZ"] = k g [8gCg^]+/ s  ^6 *^ 90 [SgOg^"]
d t  • k91
= ( s  + / S 5 ) [ 820g2- ] [108]
• Si "
E qu a tio n  [108] i s  s im i la r  to  th e  em p iric a l r a te  eq u a tio n  [87]
Hence
Sb.t = S 7     [109]
E q u a tio n  [109] e x p la in s  why the  p re sen ce  o f  m singanesedl) in c re a se s  
the  r a t e  o f  deom position  o f  p e ro x o d isu lp h a te  a l t h o u ^  th e  r e a c t io n  r a t e  i s  
independen t o f  i t s  c o n c e n tra tio n . The p resen ce  o f  m anganese(II) t& erefo re  
in c re a s e s  th e  r a t e  o f  decom position  o f  p e ro x o d isu lp h a te  by th e  term  under 
the  square  r o o t  s ig n .
—4 “ 1  ^ ""4 • —" 1U sing th e  v a lu e s  3*30 x 10 min and 2 .6 0  x  10 min re p o rte d
e a r l i e r  f o r  k  , and k_ g iv e s  th e  r a t i o  OD": 9
k e k g o  _  1 . 9 x 10-5
^91
The mechanism i s  a lso  in  accordance w ith  th e  r e s u l t s  o f  io n ic  e f f e c t  
experim en ts, a s  none i s  expected  f o r  th e  decom position  o f  p e ro x o d isu lp h a te  
which i s  th e  r a t e  d e te rm in in g  s te p .  I t  i s  a lso  in  g en era l agreem ent w ith  
the few f i r s t  o rd e r  r e a c t io n s  o f  p e ro x o d isu lp h a te  re p o rte d  w ith  in o rg an ic  
s u b s tr a te s  a s  d isc u sse d  in  C hapter I .
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C H A P T E R  i n
T H E  O X I D A T I O N  O F  N I T R I T E
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CHAPTER I I I
e x p e r i m e n t a l
P re lim in a ry
At  t he commencement o f th i s  in v e s tig a tio n  a  l i t e r a tu r e  survey in d ica ted  
th a t  no p rev ious study had been made o f the re a c tio n  between n i t r i t e  and 
p eroxod isu lphate . A fte r the completion o f the  study an a b s t r a c t w a s  
d iscovered o f a Ph.D. th e s is  concerned w ith the re a c tio n .
The two re a g e n ts  were found to  r e a c t  b u t the  r e a c tio n  a t  around pH 7 
was found to  be in c o n v e n ie n tly  slow to  s tudy  below 60°C. Because n i t r i t e  
was found to  be q u ite  s ta b le  around t h i s  pH (see below) the  r e a c t io n  was 
c a r r ie d  o u t a t  60°C and a t  pH v a lu es  o f  approx im ately  6 . 4 .
The re a c tio n  was followed by the iodom etric estim ation  o f peroxodisu lphate 
as no convenient way o f m onitoring n i t r i t e  concen tration  was found because 
peroxodisu lphate  was observed to in te r f e r e  w ith the spectropho tome t r i e  
determ ination  o f  n i t r i t e  which i s  described  below.
The re a c tio n  was s tu d ied  a t  a  constan t and h i ^  io n ic  s tre n g th  o f 
about 1 and a t  constan t ca tio n  concen tra tion  because cations were found to 
a f fe c t  the  r a te  o f  the re a c tio n . The ca tio n  concentration  was kep t constan t 
by adding the ap p ro p ria te  amounts o f potassium  and sodium n i t r a te s  as these  
were the two ca tio n s  (o th e r  than a  minute amount o f hydrogen ion) p re se n t. 
Chemicals
A ll the  chem icals used in  th i s  re a c tio n  were Analar Grade -  u n less  
otherw ise s ta te d .  The two re a c ta n ts  were potassium  peroxodisulphate and 
sodium n i t r i t e .  The former was chosen in s te ad  o f ammonium peroxodisu lphate -  
which was used in  the  o th e r  two re a c tio n s  rep o rted  in  tidis work and which 
i s  much more so lu b le  than the potassium  s a l t  -  in  o rder to minimi se the number 
of ca tio n s  p re se n t and because potassium  ions are  p resen t in  the phosphate 
b’if f e r  system (see  l a t e r ) .  U nfortunately  i t  was not p o ssib le  to  have
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the re a c ta n ts  com pletely in  the  form o f  e i th e r  the potassium  o r  the 
sodium s a l t s  because n e ith e r  A.B« sodium peroxodisu lphate nor A-R. 
potassium  n i t r i t e  i s  a v a ila b le , and s ince  the p u r ity  o f m a te r ia ls  was 
found to  be im portan t the use o f general purpose reagen ts was abandoned. 
Pre p a ra tio n  o f So lu tio n s
For each k in e t ic  run two so lu tio n s  A and B were prepared using  w ater 
which had been r e - d i s t i l l e d  from a lk a lin e  permanganate so lu tio n . A was the 
peroxod isu lphate  so lu tio n  w hile B was a  m ixture o f n i t r i t e ,  b u ffe r  (KP^POj  ^ and 
and Na^HPOi )^ and the  added s a l t s  (KNO  ^ and NaNO^). The so lu tio n s  were 
p repared  in  such a way th a t  the  concen tra tion  o f each c o n s titu e n t was double 
the value req u ired  in  the  f in a l  re a c tio n  m ix ture .
P eroxodisu lphate  so lu tio n s  were always prepared fre sh  and never used 
a f t e r  more than  48 hours from the time o f  p re p a ra tio n . These so lu tio n s  were 
made by a c c u ra te ly  weighing ou t the req u ired  amount o f s a l t  and were then 
s tan d a rd ised  a t  60^C iodom etri c a l ly .
The n i t r i t e  so lu tio n s  were standard ised  by the method o f  Sis^son 
and Laird^^^^ in  which a  sangle o f the n i t r i t e  so lu tio n  i s  added dropwise, 
w ith  continuous (m agnetic) s t i r r i n g  to  an excess o f a c id if ie d  standard  
permanganate so lu tio n s  and t i t r a t i n g  the excess ag a in s t standard  o x a la te  
s o lu tio n . The co n cen tra tio n  o f n i t r i t e  was a lso  checked ^ e  ctropho tome t r i  caJ 1 y 
by the  method o f  jShin^^^^ in  which the n i t r i t e  i s  q u a n tita tiv e ly  used up in  
a  d ia z o tiz a t io n  re a c tio n  and 'the r e s u l t in g  diazonium s a l t  coupled to  form a  
coloured azo co n ^u n d . T his method, however, i s  su ita b le  only  fo r  low 
co n cen tra tio n s  o f  n i t r i t e  -  l e s s  than  2 x 10 ^ m ole/l -  and th e re fo re  i t  
was necessEory to  d i lu te  a  saoule o f  the so lu tio n  under t e s t  to  an ap p ro p ria te  
c o n cen tra tio n . 10 ml o f  the d ilu te d  sample was then  added to  a  100 ml 
volum etric  f la s k  whic^ wsis f i l l e d  to  about two t h i r ds w ith  w ater. 5 ml o f 
0.53^ sulphanilam ide ( in  50^ HCl) was added and the f la sk  shaken w e ll.
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A fte r  about th re e  m inutes 2 ml o f 0 .1^ so lu tio n  o f the coupling agen t, 
N -(l-naphthy l)e thy lened iam ined ihydroch lo ride , was added. The so lu tio n  
was topped up, mixed w ell and l e f t  in  the dark fo r  about 20 m inutes. The 
absorbance o f  the r e s u l t in g  so lu tio n  was then measured in  a  Peikin-ELmer 
PE. 124 spectrophotom eter f i t t e d  w ith  a d ig i t a l  s c a le , a t  536 nm a t  which i t  
i s  a  maximum (F ig .42) and a t  which the so lu tio n  obeys B ee r's  law (F ig .4 3 ) .
The co n cen tra tio n s  were read  from the c a lib ra tio n  curve and ca lcu la ted  
acco rd in g ly . However, t h i s  method was not u se fu l fo r  follow ing the re a c tio n  
because peroxod isu lphate  was found to  in te r f e r e ,  bu t i t  was u se fu l in  the 
s ta n d a rd is a tio n  o f  n i t r i t e  so lu tio n s .
S ta b i l i ty  o f  n i t r i t e  a t  6o°C
The s t a b i l i t y  o f  n i t r i t e  under the experim ental cond itions was checked 
by th e rm o s ta ttin g  two so lu tio n s  (Cl and C2) each o f which was 0 .5  m ole/l in  
each o f  monohydrogen orthophosphate and dihydrogen orthophosphate.  In  C-j 
the co n cen tra tio n  o f  n i t r i t e  was 0.0540 m o le /l, w h ils t in  Cg the concen tra tion  
was 0.1065  m ole/L. At ap p ro p ria te  time in te rv a ls  1 ml sanqples were withdrawn, 
d ilu te d  to 1000 ml, and 10 ml o f  th i s  tre a te d  fo r  spectrophotom etric 
de term ina tion  o f  n i t r i t e  as  described  above. The pH o f  the two so lu tio n s  
were 6.52 and 6 .53  re sp e c tiv e ly . The r e s u l ts  which are  shown in  Table 58 
below in d ic a te  th a t  n i t r i t e  i s  q u ite  s ta b le  a t  60° and pH 6 . 5 .
Table 58
r
Ti ne (hours) Absorbance (Cl) Absorbance (C?)
1 .0  .268 0 .513
2.0 .268 0.523
2.5 .268 0.528
3.0 .267 0.525
4 .5  .272 0 .526
5 .5  .269 0.527
23 .268 0.524
118.
a!
W)*ri
§
T-
I
il
§
T
o
--------------------- r
VO
o
©oxieqjosqv
oj
o
119
OJ
I
r lA
oo
8
I
X
-OJ
s
8
U o
lA
120.
Io d o m e tric d e te rm in a t io n o f  p e ro x o d isu lp h a te  concent r a t i o n  
To examine i f  the  p resen ce  o f  n i t r i t e  a f f e c t s  th e  io d o m etric  
e s tim a tio n  o f  p e ro x o d isu lp h a te  the  c o n c e n tra tio n  o f  a  s o lu t io n  which was 
0 .160  m o le /l in  p e ro x o d isu lp h a te  was checked in  th e  p resence  and absence o f  
n i t r i t e .  5 ml Samples o f  th e  p e ro x o d isu lp h a te  s o lu t io n  were added to  f la s k s  
each c o n ta in in g  5 ml o f  hCM po tassium  io d id e  b o th  in  th e  p resence  and in  
th e  absence o f  d i f f e r e n t  volumes o f  approx im ate ly  0 .1  m o le /l n i t r i t e  s o lu t io n  
which was a lso  0 .2  m o le /l in  each o f  Na^ HPO^  ^ and KH^PO^. The f la s k s  were 
s to p p ered  and k e p t in  th e  dark  f o r  JO m inutes and th e  r e s u l t in g  io d in e  was 
t i t r a t e d  a g a in s t  0,1570  mole/L th io s u lp h a te  s o lu t io n . The r e s u l t s  which a re  
g iven  in  Table 59 p rove th a t  n i t r i t e  does n o t i n t e r f e r e  w ith  th e  iodom etric  
e s tim a tio n  o f  p e ro x o d isu lp h a te .
Table 59
E f f e c t  o f  N i t r i t e  on P ero x o d isu lp h a te  E s tim a tio n  
Volume o f  O.16 m o le /l 8^0g^ = 5 ml
Volume o f  n i t r i t e  s o lu t io n  added 
(ml)
N il
N il
N il
N il
5
5
5
10
T itr e
(ml)
10.20
10.20
10.20
10.20
10.20
10.20
10.15
10.20
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Exp e rim e n ta l Procedure
S o lu tio n s  A and B (see  above) were therm os t a t  ted  s e p a ra te ly  fo r  
30 m in u te s . 25 ml Of B were t r a n s fe r r e d  to  th e  re a c t io n  v e sse l (IOO ml 
R-Bo Q u ic k - f i t  f la s k )  $ fo llow ed by 25 ml o f  A, th e  m ixture was th en  shaken 
v ig o ro u s ly  and th e  f la s k  s to p p e red . Zero tim e was taken  a s  th e  tim e when 
th e  p ip e t t e  d e l iv e r in g  A was h a l f  en ^ ty . A ll p ip e t t e s  w hether used fo r  
t r a n s f e r r in g  th e  r e a c ta n ts  o r  removing th e  sam ples were p reh ea ted  a t  60^C. 
At a p p ro p r ia te  tim e in t e r v a l s  5 ml san p le s  were w ithdrawn and added to  a  
s im ila r  volume o f  c h i l le d  d i s t i l l e d  w a ter in  250 ml io d in e  f l a s k s .
P u r i f ie d  n i tro g e n  gas was th en  bubbled fo r  10 m inu tes t h r o u ^  the  
quenched sample to  remove any d is so lv e d  oxygen (see  l a t e r ) ,  5 S  o f  s o l id  
p o tassium  io d id e  were added and th e  f la s k  s to p p ered  and k e p t in  the  dark  
f o r  30 m inu tes  b e fo re  t i t r a t i n g  th e  r e s u l t in g  io d in e  a g a in s t  s tan d a rd  
th io s u lp h a te  s o lu t io n .
The i n i t i a l  r a te  was ca lcu la ted  from a  p lo t  o f  peroxodisulphate 
co n cen tra tio n  a g a in s t tim e.
O rder w ith  r e s p e c t  to  p e ro x o d isu lp h a te
The o rd e r o f  the  re a c tio n  w ith  re sp e c t to  peroxodisu lphate was 
in v e s tig a te d  a t  co n stan t n i t r i t e  concen tra tio n , pH, io n ic  s tre n g th  and 
ca tio n  co n cen tra tio n . N i t r i t e  co n cen tra tion  was kep t constan t a t  
0.07768  m o le /l w hile the  concen tra tion  o f  peroxodisu lphate was veiried 
from approxim ately 0 .01  m ole/l to  about 0 .1 2  m o le /l. The d a ta  o f the 
k in e t ic  runs a re  given in  Tables 70-77  and the  [^2^8^ 3/tim e p lo ts  from 
which i n i t i a l  r a te s  were ca lcu la ted  sure shown in  F ig s . 44-51* When the 
i n i t i a l  r a te  i s  p lo t te d  a g a in s t i n i t i a l  concen tra tion  (K.g.52) a  s t r a ig h t  
l i n e ,  p ass in g  through most o f  the p o in ts  below [^2^8^ ^o ^  m ole/l and 
through th e  o r ig in ,  i s  o b ta in ed . This in d ic a te s  lh a t  the re a c tio n  i s  f i r s t  
o rd e r w ith  re sp e c t to  peroxod isu lphate .
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The s lo p e  o f  t h i s  l i n e  which i s  th e  observed p s e u d o - f i r s t  o rd e r
“3 -1i n i t i a l  r a t e  c o n s ta n t i s  2.264  x 10 min « An a ttem p t was a lso  made to
g e t more a c c u ra te  v a lu es  fo r  i n i t i a l  r a t e s  from logCS^Og^ 3/tim e p lo t s
(s in c e  r e a c t io n  i s  f i r s t  o rd e r  in  S^Og^ ) -  F ig s . 35-60 and Table 79 .
These i n i t i a l  r a t e s  were ag a in  p lo t te d  a g a in s t  i n i t i a l  p e ro x o d isu lp h a te
c o n c e n tra tio n  (F ig . 6 l)  and th e  r e s u l t  was a  s t r a ig h t  l in e  p a ss in g  th r o u ^
- 3  - 1the  o r ig in  and h av in g  a  s lo p e  o f  2.307 x  10 min .
T h ere fo re  a t  c o n s ta n t n i t r i t e  c o n c e n tra tio n , pH, io n ic  s tre n g th  and 
c a tio n  c o n c e n tra tio n  th e  i n i t i a l  r a t e  o f  th e  r e a c t io n  (E^) may be re p re se n te d  
by e q u a tio n  [1 1 0 ],
E =   [1103
°  ------ J
where -  th e  i n i t i a l  p s e u d o - f i r s t  o rd e r  r a t e  c o n s ta n t -  h as the  value
of (2 .286  -  0 .030) X  10 ^ min  ^ under th e  p re s e n t  experim en tal c o n d itio n s  
ta k in g  th e  average  o f  th e  two v a lu es  c i te d  above.
The fo llo w in g  c o n d itio n s  app ly  to  T ab les  6O-68. A ll th e  i n i t i a l  
c o n c e n tra tio n s  a re  nom inal and do n o t tak e  account o f  any io n -p a ir in g  th a t  
may o ccu r, and th e  u n i t  o f  c o n c e n tra tio n  i s  m o le /l th roughou t.
[NO, 32 0 0.07768
[HPO^^'3 0.200
[EgPO^'3 0.200
[K'*'3 0 .500
[Na^3 = 0 .500
I  / 1 .23
Tem perature = 60 . 0°C
P«o - 6.45
Table 60
[s 2 ° e f" ]o = 0.009795
CNagSjOj] 0.005952
> (min) T i t r e  (ml) lo^cSgOgZ-] 3 + logCs^»
5 16.20 0.9642 0.9842
10 16.11 0.9589 0.9818
15 15.92 0.9476 0.9766
20 15.75 0.9374 0.9719
25 15.55 0.9255 0.9663
30 15.39 0.9160 0.9619
35 15.20 0.9049 0.9565
123,
2-
Table 6 l 
[SgOg^'^o = 0 .0 1 9 2 8
[NagSgO ] = 0.005952
( (min) T i t r e  (ml) lO^CS^Og^"] 3 + logCSgOgZ"]
5 32.02 1.906 1.2801
10 31.70 1.887 1.2758
15 31.34 1.865 1.2707
20 30.90 1.839 1.2646
25 30.60 1.821 1.2603
30 30 .23 1.799 1.2551
35 29.91 1.780 1.2504
124.
Table 62
= 0.03950
[NagS^O 3 = 0.01122
(min) T i t r e  (ml) IcfcSgOgZ-] 3 + logCSgOgZ-]
5 34 .04 3.819 1.5819
10 33 .58 3.768 1.5761
15 33.24 3.730 1.5717
20 32.84 3.685 1.5663
25 32.41 3.634 1.5604
50 32.06 3.597 1.5560
55 31.81 3.569 1.5524
Table 63
= 0.05754
[NagS^O^ 0.01122
(min) T i t r e  (ml) lo^CSgOgZ-] 3 + logCSgOgZ-]
5 50.71 5 .690 1.7551
10 49 .92 5.601 1.7483
15 49.75 5 .582 1.7468
20 49 .22 5 .522 1.7421
25 48.76 5.471 1.7381
50 48,a4 5 .4 1 3 1.7334
55 47 .46 5.325 1.7263
Table 64 125*
0.09780
[Na^S^O^] = 0.02747
Time (min) T i t r e  (ml) lO^CS^Og^ .] 5 + logCS^Og^” ]
5 35.15 9.656 1.9848
10 34.89 9.584 1.9816
15 34.51 9 .480 1.9768
20 34.12 9 .373 1.9718
25 33.80 9.285 1.9677
30 33 .43 9 .183 1.9629
35 33 .03 9 .073 1.9577
Table 65 
[S^Og^'Jo = 0.1179
[HagSgO 3 = 0.02747
Time (min) T i t r e  (ml) 10^[S O g^'] 3 + logCSgOg^"]
5 42.50 11.67 2.0671
10 42 .03 11.55 2.0626
15 41.54 11.41 2.0573
20 41.12 11.30 2.0531
25 40.77 11.20 2.0492
30 40 .33 11.08 2.0444
35 39.81 10.94 2.0391
126.
Table 66
t« 2 °8 "‘ ^o 0.03805
[Na^S^Oj] 0.01076
Time (min) T i t r e  (ml) lO^CSgOgZ"] 3  + logCSgOgZ"]
5 34.95 3.761 1.5753
10 34.50 3.712 1.5696
15 34.17 3.677 1.5655
20 33.86 3.643 1.5615
25 33.50 3.605 1.5569
30 33.11 3.563 1.5518
35 32.54 3.501 1.5442
40 32.24 3.469 1.5402
Table 6? 
CSgOg^"]. = 0.02793O
[NagSgO ] = 0.02793
Time (min) T i t r e  (ml) lO^CS^Og^ ] 3 + logtSgOg^ ]
5 25 .67 2.762 1.4412
10 25 .50 2.744 1.4384
15 25 .12 2.703 1.4319
25 24 .53 2.639 1.4215
30 24 .38 2.623 1.4188
35 24.07 2.590 1.4133
127-
Table 68
Order w ith  R espect to  P eroxod isu lpha te
[ W ^ o ICr R  ^ me
0-9795 2.18
1.928 4 .40
2 .795 6.00
5.805 8.35
5.950 9 .00
5 .754 11.05
9 .780 20.10
11.79 24.60
Table 69
The i n i t i a l  r a t e s  c i te d  in  t h i s  Table a re  c a lc u la te d  from the  
e q u a tio n
.............
in  which i s  th e  i n i t i a l  p s e u d o - f i r s t  o rd e r  r a te  c o n sta n t c a lc u la te d
from logCS^Og^ ] / t im e  p lo t s  f o r  each  run :
lO^CS^Og^"]^ m ole/1 '^^^^obs 10^ K  m o le /l/m in
0.9795 2 .5 5 2.29
1.928 2 .55 4.51 •
2 .795 2 .30 6 .43
5.805 2 .34 8.91
5.950 2 .28 9 .02
5 .754 2 .02 11.62
9.780 2 .12 20.70
11.79 2 .15 25.50
F ig . 44
128
O.9OCU.
1.820 J
1.800-
F ig . 46
3.600
Time (min ) .
129.
21g. 4?
[8 _0a^"] V. Time
2.800
oo
3.600J
5.5004
25
10,00 H
9 .4 0
9 .2 0  J
o
F ig . 51
12,00J
11.40  H
11 .20
11.00
20
Time
F is .  52
Order w ith  lîespect to  Peroxodisulph^
2 0 . 0 _.
15 . 0-
E
o
1 0 . 0-
15 . C10.05.00
10^[S„0« "] m ole/1
132
1.59C
F ig . 53 
logLS^Oo^ ]  V ,  Time
1 .5 6 0 -
co
1 .2 7 0 _
1.250
F ig . 55
9700,
9500,
20
Time
F ig , 56 
lo g  [S 0%^  ] V ,  Time
F ig . 58
CO
2 .04CL
030
35302520
Time
I_ _ _ I
1.570  1
1.560 4
1 .540
F ig . 60
1 . 4 5 0  I
1.420  J
1.400  J
20
(mill)Time I
F ig . 61
R (from  lo g  p lo ts )  v . [S Op
15.0
10. 0-
5 .0 0 —
15*010.05.00
10"^cs^0o m oleA
136.
O rder w ith  re s p e c t  to  n i t r i t e
The o rd e r  o f  th e  r e a c t io n  w ith  r e s p e c t  to  n i t r i t e  was in v e s t ig a te d  
u s in g  c o n s ta n t exp erim en ta l co n d itio n s  o f  tem p era tu re , pH, p e ro x o d isu lp h a te  
c o n c e n tra tio n , io n ic  s t r e n g th  and c a tio n  c o n c e n tra tio n . The i n i t i a l  
c o n c e n tra tio n  o f  n i t r i t e  was v a rie d  between 0,005 m ole/1 and 0 .1  m ole/1 
(T ab les 70-71  and F ig .62) .
When th e  i n i t i a l  r a t e  (o f  d isappearance  o f  p e ro x o d isu lp h a te ) was 
p lo t te d  a g a in s t  th e  i n i t i a l  c o n ce n tra tio n  o f  n i t r i t e  (F ig .63) a  s t r a ig h t
_ c
l i n e  in te r c e p t in g  th e  y -a x is  a t  = 2 .00  x 10 ^ m oleA /m in , was o b ta in e d .
- iThe s lo p e  o f  t h i s  l i n e  i s  2.010  x 10 min . T herefore  i t  lo o k s  a s  i f
p e ro x o d isu lp h a te  d isa p p e a rs  v ia  two p a th s ;  one which i s  independent o f  n i t r i t e
and a n o th e r w hich i s  f i r s t  o rd e r  in  n i t r i t e .  The i n i t i a l  r a t e  (R ) o fo
d isap p earan ce  o f  p e ro x o d isu lp h a te  a t  c o n s tan t p e ro x o d isu lp h a te  c o n ce n tra tio n  
and under th e  ex p erim en ta l co n d itio n s  which apply  to  F ig .63 can, th e re fo re  be 
re p re se n te d  by eq u a tio n  [ i l l ] .
R^ = R  ^ + CCNO^"]^   [111]
where R  ^ i s  th e  i n t e r c e p t  o f  F ig .6 3  and C i s  th e  s lope  o f  th e  s t r a i ^ t  l i n e  
in  th e  same f ig u r e .  When th e  in te r c e p t  [R^) i s  d iv id ed  by p e ro x o d isu lp h a te  
c o n c e n tra tio n  th e  v a lu e  2.61 x 10 ^ min  ^ i s  o b ta in ed  and t h i s  a s  w i l l  be 
seen l a t e r  (p . 1^6 ) xs th e  i n i t i a l  f i r s t  o rd e r  r a te  co n stan t fo r  the  
dec o n ^ o s itio n  o f  p e ro x o d isu lp h a te  under the  p re s e n t experim ental co n d itio n s  
and in  th e  absence o f  n i t r i t e .  Moreover i t  was e s ta b lis h e d  in  th e  p rev io u s  
s e c tio n  th a t  th e  r e a c t io n  i s  f i r s t  o rd e r  w ith  r e s p e c t  to  p e ro x o d isu lp h a te  
and th e re fo re  e q u a tio n  [111] may be r e w r i t te n  a s
^o*-”°2  1  ............
The f i r s t  term  on th e  r i ^ t  hand s id e  o f  eq u a tio n  [112] r e p re s e n ts  th e
in te r c e p t  in  F ig .6 3  and th e  s lope  C i s  g iven  by
C = ^ 2 ^ • • . • • •  [ 113]
157.
i n  w hich i s  th e  observed  i n i t i a l  second o rd e r  r a te  c o n stan t fo r  the  
redox re a c t io n  between n i t r i t e  and p e ro x o d isu lp h a te . S u b s ti tu t in g  the  
r e le v a n t  v a lu e s  fo r  C and g iv e s  th e  value  o f  k^ as
2.61 X 10 ^(fiaole/r m in under th e  ex p erim en ta l co n d itio n s  c i te d  below. 
However, when th e  c o n c e n tra tio n  o f  n i t r i t e  i s  k e p t co n stan t eq u a tio n  [ 112] 
red u ces  to
-  (k  ^ + c ')  [SgOg^"]  ^   [ 114]
t
where C i s  a  c o n s ta n t which i s  g iven  by
c' = kgCMDg']  ^   [11^
E q u a tio n  [ 1l 4] i s  s im i la r  to  eq u a tio n  [ 11CF)
®o = W « 2 ° 8 " ‘ ^o -
T h ere fo re  k^^^ ( th e  s lo p e  o f  F ig .52 ) i s  g iven  by eq u a tio n  [ I I 6 ]  
kobs = + c ’ = + kgCNOg-], ...........
o r
k_ = ^obs ^1   [117 ]
and s u b s t i t u t in g  th e  a p p ro p r ia te  v a lu es  in  eq u a tio n  [ HZl g iv es  th e  value o f  
k^ a s  2 .61  X 10 ^ m o le / '  "min. T h is  va lue  i s  th e  same a s  the  value  o f  k^ 
a s  c a lc u la te d  from th e  n i t r i t e  dependence ( F ig .60) in  t h i s  s e c t io n . 
In tro d u c in g  t h i s  va lu e  o f  k^ and th e  v a lu e  o f  k^ in  eq u atio n  [112] g ives 
the  r a t e  law a t  t h i s  s ta g e  a s
R = (2 .61  X 10"^ + 2.61 X 10"2 [NOZ"] ) [g  Om^"] m oleA /m ino 2 o 2 o o
   [118]
a t  60 . 0°C.
Experimen ta l  c o n d itio n s
The fo llo w in g  ex p erim en ta l c o n d itio n s  ho ld  f o r  T ables 70-71 uud 
F ig s . 62 -63 . A ll c o n c e n tra tio n  u n i t s  a re  mole A *
158,
0.07702
[H ^PO g] = 0.200
[EPOj^^"] 0.200
[K+] 0.500
[Na^] = 0.500
I 1. 2 .
pE ^ 6.45
Tem perature = 6o.o°c
Table 70
CNa^S^O^] = 0.03083 in  (a) and (b) and 0.03058 in  (c)
2 cj» (a) 0 .500 (b) 1.000 (c) 2.500
Time ]
! (min) ;
1 1
T i t r e
(ml)
lO^ES^Og^'] T i t r e
(ml)
lO^CS^Og^' ] T i t r e  10^ 
(ml)
[S^Og^-]
_ 1 
^  I
25.11 7.741 25.09 7.755 25.01 7 .648
10 1 25.01 7.710 25.01 7.711 24.87 7.605
15 1 24 .98 7.701 24.95 7.692 24.78 7.578
20 24.90 7.677 24.89 7.674 24.69 7 .550
25 24.91 7.680 24.85 7.661 24.53 7.501
50 24.85 7.661 24.76 7.634 24.42 7.468
55 ; 24 .83 7.655 24.71 7.618 24.31 7.454
____ *
139,
Table 71
[NagSgO ] = 0.03058
10^[NO " ]2 o (a) 3.750 (b) 6.000 (c) 10.00
Time
(min)
T i t r e
(ml) [SgOgZ']
T i t r e
(ml) lo ^cs^o g "-]^
T i t r e  .f, 
(ml)
5 24 .90 7.614 24.87 7.605 24.80 7.584
10 24 .73 7 .562 24.57 7.514 24.41 7.465
15 24.50 7.492 24.39 7.458 24.01 7.342
20 24.15 7.385 23.62 7 .223
25 24.32 7.437 23.89 7.306 23.30 7.125
30 24 .16 7.388 23.63 7.226 22.95 7.018
35 23 .98 7 .333 23 .43 7.165 22.63 6.920
Table 72 
O rder w ith  R espect to  N i t r i t e
lOrtNO^T]
0,5000
1.000
2.500
3.750
6.000
10.00
10^ R m oleA /niin 2 .
3.00
3.70
7.20
9.20
14.7
24 .4
140
CO
CO03 , OO
CO
I—I
oo
CO
-lA
o
lA
CO
o-
141
F ig . 63
Order vdLth Respect t_ N i t r i t e
2 0 . 0 -
jH
Q)
1
o
10 . 0 -
8.006.004 .00 10.0 1 2 .02.00
10 [NOg~]^ m ole/1
2 -Note t h a t  R  ^ i s  measured by m onitoring  [S^Og ]
142.
K in e tic s  o f  the  whole r e a c t io n
Having seen  th a t  eq u a tio n  [ 112] was a  reaso n ab le  assessm ent o f  the  
i n i t i a l  r a t e  o f  th e  r e a c t io n , th e  whole course o f  the  re a c t io n  was 
in v e s t ig a te d  to  see i f  the  same r a te  law a p p lie s  th roughou t. E quation  [ 112] 
can be w r i t t e n  as
dx = k (a  -  x) + k (a  -  x )(b  -  x) . . . . . .  [119]
d t  ' ^
where a  and b a re  th e  i n i t i a l  c o n ce n tra tio n s  o f p e ro x o d isu lp h a te  sind n i t r i t e  
r e s p e c t iv e ly  and x  i s  th e  d ecrease  in  the  co n cen tra tio n  o f  each r e a c ta n t ,  
th e  assunç)tion  b e in g  th a t  the  two r e a c ta n ts  a re  consumed in  equal amounts 
which i s  on ly  ap p rox im ate ly  t r u e .
The in te g r a t io n  o f  eq u a tio n  [ 119] le a d s  to
^  = _____ 1   loK a +  1 ___ lo g  1 -  X )
2 .3  1 + k_(b  -  a) 1 + k b 1 + k_(b -  a) (a  -  x)
2 ? D
[ 120]
in  which k^ i s  d e fin e d  by
k j  =   C121]
Since th e  f i r s t  terra in  th e  r i ^ t  hand s id e  o f  eq u ation  [ l 20] i s  c o n s tan t 
th roughou t one ru n , t h i s  e q u a tio n  can be w r i t te n  as
^ ^ ^     [122]
Jo T
in  which C i s  a  c o n s ta n t and F s tan d s  fo r  th e  second terra on th e  r i ^ t  hand 
s id e  o f  e q u a tio n  [ 120] .  T herefo re  i f  th e  i n i t i a l  r a te  law h o ld s  fo r  the  
whole course  o f  th e  r e a c t io n ,  a  p lo t  o f F a g a in s t  tim e should give a  s t r a ig h t  
l i n e  th e  s lo p e  o f  which i s  a  measure o f  k ^ . In tro d u c in g  th e  v a lu es  o f
k . and k_ , o f  th e  p re v io u s  s e c t io n , in to  eq u a tio n  [ 121) g iv es  the  value1 2
o f  k^ a s  100 and t h i s  v a lu e  i s  used in  c a lc u la t in g  F in  T ables 75”76 which 
show th e  d a ta  f o r  fo u r  ru n s  which proceeded fo r  more th an  24 hours r e s u l t in g  
in  abou t 70^ to  90^ r e a c t io n .
143.
When F i s  p lo t te d  a g a in s t  tim e a  good s t r a i g h t  l in e  i s  o b ta in ed  
in  each  c a se . The v a lu es  o f  o b ta in ed  from th ese  p lo t s  a re  g iven  in  
Table 77« These v a lu e s  a re  between 1 .1^ and 10.0^ h ig h e r than  the  value  
o f  2 .61 X 10 min which was independen tly  determ ined from the  
logCS^Og^ ] / t im e p lo ts  fo r  th e  decom position o f  p e ro x o d isu lp h a te  under 
s im i la r  ex p erim en ta l c o n d itio n s  and in  the  absence o f  n i t r i t e  (F ig .64) .  D esp ite  
t h i s  v a r ia t io n  in  th e  va lue  o f  k^ i t  i s  f a i r  to  conclude th a t  eq u a tio n  [ 112] 
a p p l ie s  f o r  th e  whole course o f  th e  r e a c t io n .
Experime n ta l  cond i t io n s
The fo llo w in g  exp erim en ta l c o n d itio n s  w ith  c o n ce n tra tio n s  in  mole/L 
apply  to  ru n s  re p re se n te d  in  Table 73-78  and the  corresponding  p lo t s  ( F ig s .64- 67) «
[HgPO^'] = 0.200
0,200
[K^] 0.500
[Na^J = 0.500
I  ^ 1 .2
pH^ ^ 6.40
Tem perature = 60 . 0°C.
N i t r i t e  and p e ro x o d isu lp h a te  c o n ce n tra tio n s  a re  shown above the  
in d iv id u a l  t a b l e s .
144.
Table 73
0.07667
[NO. ]
c . 0 0.07450
[^^2^2° 3  ^ = 0.02084
Time
(hours)
T i t r e
(ml)
a -  X b -  X F
1.00 31.97 Oo06663 0.06446 2.615
2 .0 0 28.35 0.05908 0.05691 2.623
3 .00 25.37 0.05287 0.05070 2.631
5 .00 21.38 0.04446 0.04229 2.644
7 .0 0 17.79 0.03707 0.03490 2.659
9 .0 0 15.38 0.03205 0.02988 2.676
11.00 13.51 0.02815 0.02598 2.690
13.00 12.11 0.02524 0.02307 2.704
25 .50 6 .9 4 0.01446 0.01229 2.796
Table 74
4  = 0.03839
[NO^-]^ = 0.03725
= 0.02084
Time
(hours)
T i t r e
(ml) a -  X b -  X '  I
1.00 17.05 0.03553 0.03439 2.369
2 .00 15.80 0.03293 0.03179 2.375
3 .00 14.82 0.03088 0.02974 2.380
5 .0 0 13.11 0.02732 0,02618 2.396
7 .0 0 11.70 0.02438 0.02324 2.410
9 .0 0 10.59 0.02207 0.02093 2.423
11.00 9 .6 2 0.02005 0.01891 2.439
13.00 8 .8 0 0.01834 0.01720 2.452
25 .3 5 .5 6 0.01159 0,01045 2.536
Table 75
145.
= 0,04925
0.05960
[Na^SgO ] 0.01012
Time
(hours)
T i t r e
(ml)
a  -  X b - X F
1,50 40,57 0 , 04l 06 0,05141 1.069
3.00 34.31 0,03471 0,04506 1.081
4 .50 30.12 0.03048 0.04083 1.092
6 .50 25 .32 0,02562 0.03597 1.108
9-00 22 .73 0.02300 0,03335 1.118
10.50 18.75 0.01898 0.02933 1.139
12.00 17.02 0,01722 0,02757 1.148
24.00 8 ,84 0.00895 0.01930 1.238
26.00 7 .5 5
[S g O g '-] ,
[Na^S^Oj]
0.00764
Table 76 
= 0,02463  
= 0.02890 
0.01012
0.01799 1.255
Time
(hours)
T i t r e
(ml) a -  X b -  X F
1.50 21 .82 0.02208 0.02725 1.468
3 .00 19.88 0.02011 0.02528 1.479
4 ,50 18.26 0.01848 0.02365 1.490
6 .50 16.43 0,01663 0,02180 1.504
9 .0 0 14.63 0.01481 0.01998 1.520
11.00 13.31 0.01346 0.01863 1.534
24 ,00 7 .7 2 0.00781 0.01298 1.627
26 .00 7.21 0.00730 0.01247 1.640
28.00 6 .8 0 0,00688 0.01205 1.652
l46.
Ref,
Table 77
10 10^[N0g 10  ^ min ^
F ig . 67 2.464 2.890 2.70
F ig . 65 3.839 3.725 2.64
F ig . 66 4.925 5.960 2.87
F ig . 65 7.667 7.450
Table 78
2 .84
Decom position o f  P eroxpd isu lpha te
[S g O g " ':, = 0,07667
CNO^-]^ = N il
CNa^S^Oj] = 0.02084
Dime (hou rs) T i t r e lO^cSgOgZ-] 2 + log[£
0 .0 0 36.67 7.642 0.8832
1.00 36 .03 7.509 0.8756
2 .00 35.47 7.392 0.8687
4 .00 34.39 7.167 0.8553
6.00 33.24 6.927 0.8405
8 .00 32.70 6.710 0.8267
10.00 31.31 6.525 0.8145
12.00 30.14 6,281 0.7981
24 .50 25 .03 5 .216 0.7173
26 .00 24.37 5.079 0.7058
= 2.61 -4X 10 min  ^ (F ig .64  )
2-
14?
F ig . 64
Decom position o f P eroxod isu lphate
0,9000
CO
OJ
0.700Q.
20
Time (hours)
148
V ,  Time
2 .600-
2 .500H
2 .400
Time (hours)
F ig , 66
F V ,  Time
1.250 À
1 .200  .
ü_
F ig . 67
F V. Time
1.650 -
1 ,600
1.500  H
1.460
10 Time (hours)
The e f f e c t  o f  added s a l t s  ^50 -
In  o rd e r  to  s tudy  th e  e f f e c t  o f  added s a l t s  and io n ic  s tr e n g th  on the 
r a t e  o f  r e a c t io n ,  i t  was though t reaso n ab le  to  work a t  low io n ic  s tre n g th s  
and to  keep the  number o f  c a tio n s  to  a  minimum and i f  p o s s ib le  to  one. 
However, k eep ing  the  io n ic  s tr e n g th  low im p lie s  working a t  low c o n ce n tra tio n s  
o f  r e a c ta n t s ,  b u t th e  r e a c t io n  becomes reaso n ab ly  f a s t  on ly  above about 
O0O5 m ole/1 o f  each r e a c ta n t ,  and t h i s  by i t s e l f  -  w ithou t the  b u ffe r  -
r e s u l t s  in  an io n ic  s t r e n g th  over 0 .2  which i s  r a th e r  too h i ^  as  a s t a r t in g
io n ic  s t r e n g th  fo r  any ( d e f in i t e )  co n c lu sio n s to  be drawn.
In  an e f f o r t  to  make po tassium  io n  th e  only  c a tio n  p re s e n t in  the 
r e a c t io n  m ix tu re  G .P.R . po tassium  n i t r i t e  was t r i e d  in s te a d  o f  A.H. sodium 
n i t r i t e  b u t the  r e s u l t s  were u n re l ia b le  and th e re fo re  th e  l a t t e r  was again  
r e s o r te d  to ,  th u s  w orking w ith  b o th  po tassium  and sodium io n s  in  the  system . 
The method o f  p re p a ra t io n  o f  th e  b u f f e r  was m odified  in  th i s  p a r t  o f the 
work. In s te a d  o f  u s in g  a m ix ture  o f disodium  hydrogen orthophosphate  and 
p o tassium  dihydrogen  orthophosphate  th e  b u f f e r  was p rep ared  by t i t r a t i n g  a 
known volume o f  s ta n d a rd  po tassium  dihydrogen orthophosphate  w ith  s tan d ard  
po tassium  hydrox ide  to  pH 6.47  which was the  pH o f  a  s o lu t io n  0«40 mole/1  
in  each o f  Na^HPOj  ^ and KHgPOj .^ In  o rd e r  to  keep th e  io n ic  s tre n g th  to  a  
minimum i t  was n ecessa ry  to  keep the  c o n c e n tra tio n  o f  the b u ffe r  to  a 
minimum, b u t i t  was found th a t  O.O6 m ole/1 t o t a l  phosphate was needed to  be
an e f f e c t iv e  b u f f e r  in  th e  i n i t i a l  s ta g e s  o f  the  r e a c t io n .
The e f f e c t s  o f  added po tassium  n i t r a t e ,  po tassium  su lp h a te , sodium 
n i t r a t e  and caesium  n i t r a t e  were s tu d ie d . In  each case the  i n i t i a l  
c o n c e n tra tio n s  o f  the  r e a c ta n ts ,  b u f f e r  and tem peratu re  were k e p t co n stan t 
w hile  v a ry in g  th e  c o n c e n tra tio n  o f  th e  added s a l t  which in  tu rn  re s u l te d  in  
a  change in  io n ic  s t r e n g th  and in  a  sm all change in  pH a s  a  secondary e f f e c t .
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The ex p érim en ta l d a ta  fo r  in d iv id u a l k in e t ic  runs a re  g iven  in  
T ab les  8O-88 and F ig s . 68- 7 0 , 72- 74 , and 76 and Table 89 summarises the  
r e s u l t s  f o r  a l l  th e  s a l t s  u sed . When the  i n i t i a l  r a te  i s  p lo t te d  a g a in s t  
the  c a tio n  c o n c e n tra tio n  (F ig , 71, 75 , 77) a  s t r a ig h t  l in e  i s  o b ta in ed  
in  each case showing a f i r s t  o rd e r dependence on c a tio n  c o n c e n tra tio n .
The in te r c e p t s  o f  th e se  p lo t s  ( i . e .  a t  Cm"*"3 = 0) a re  d i f f e r e n t  because 
o f  d i f f e r in g  r e s id u a l  c a tio n  co n cen tra t io n ( s )  as i s  exp lained  in  the  
c a lc u la t io n s  below . The l i n e a r  dependence in  each case i s  c le a r ly  n o t an 
io n ic  s t r e n g th  e f f e c t  e s p e c ia l ly  as  th e  e f f e c t  o f  i s  the  same w hether 
added a s  KNO  ^ o r  w hile  NO^  produces a  d i f f e r e n t  e f f e c t  when added
a s  NaNO  ^ r a th e r  th an  KNO .^ Moreover a l l  experim ents a re  made in  th e  re g io n
o f  io n ic  s t r e n g th  where f a i r l y  sm all changes in  a c t i v i t i e s  accompany
a l t e r a t i o n s  in  io n ic  s t re n g th , and i f  io n ic  s tre n g th  were the  dominant 
e f f e c t  h e re  a  v a r ia t io n  o f  r a t e  w ith  I  would invo lve  I ^ o r  a  fu n c tio n
r  Jk /  7such a s  I ^  ^ -  B I  > as  d iscu ssed  in  C hapter I I .  The l i n e a r
r e la t io n s h ip  co rresp o n d s much more w ith  s p e c i f ic  c a tio n  e f f e c t .  The f a c t  
th a t  th e  l i n e a r i t y  d e c re a se s  in  th e  o rd e r  Cs^ (probably) > > Na^ i s
c o n s is te n t  w ith  t h i s ,  and th a t  l i n e a r i t y  i s  m ain tained  up to  about 
1 mole/L (Cs^, however, h as been s tu d ie d  only  up to  about 0 .5  mole/ 1  because 
o f  th e  la r g e  e f f e c t  i t  p roduces j ,  i s  c o n s is te n t w ith  (weak io n -p a ir in g  
le a d in g  to  th e  c a ta ly s i s .
C a lc u la tio n s
A lo o k  a t  F ig s .  71 , 75 and 77 su g g es ts  th a t  th e  c a tio n  dependence -
o th e r  f a c to r s  k e p t c o n s ta n t - may be re p re se n te d  by the  eq u a tio n
R^ = A + c" [M"^ 3 . . . . . .  [125]
in  which R i s  th e  i n i t i a l  r a t e ,  A and C a re  co n sta n ts  and [M 3 i s  the  o
c o n c e n tra tio n  o f  th e  c a t io n . Moreover A ( th e  in te rc e p t)  and C ( th e  
s lo p e  o f  th e  l in e )  a re  exp ressed  by e q u a tio n s  [ 124-3 and [1253 r e s p e c t iv e ly .
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c" = [NO^'OCSgOgZ-]   [ 124]
A = k^CSgOg^'] + kgOCNOg'lCSgOgZ-] + ku'CM^+DCNOg-JCSgOgZ-]
In  th e se  e q u a tio n s  i t  i s  assumed th a t  the  e f f e c t  o f  c a tio n s  a re """  
a d d itiv e  and i t  i s  a lso  assumed th a t  on ly  two c a tio n s  a re  p re s e n t fo r  
s im p l i f ic a t io n  (b u t see caesium io n  e f f e c t  below ). In  eq u a tio n s  [ 124] and
[ 125] i s  th e  c a ta ly t i c  r a te  co n stan t fo r  the  c a tio n  under study, M^, k^ 
i s  the  c a t a ly t i c  c o n s ta n t fo r  the  re s id u a l  c a tio n , k^ i s  th e  f i r s t  o rd e r
r a te  c o n s ta n t fo r  th e  decom position o f  p e ro x o d isu lp h a te , k^° i s  the  second 
o rd e r r a t e  c o n s ta n t f o r  th e  redox re a c t io n  a t  zero c a tio n  c o n c e n tra tio n ,
[M^] and[M^^] a re  th e  r e s p e c tiv e  c o n ce n tra tio n s  o f  the  two c a t io n s . A ll 
c o n c e n tra tio n s  in  e q u a tio n s [1233 and [1243 and o th e rs  de riv ed  from them (see  
below) a re  i n i t i a l  c o n c e n tra tio n s  and the  s u b sc r ip t  o i s  dropped fo r  
convenience.
The v a lu e s  o f  k^ and k^° were c a lc u la te d  by s u b s t i tu t in g  th e  a p p ro p r ia te  
va lues o f  c" and A (F ig s . 71 , 75» 77 ) and those  o f  o th e r  q u a n t i t ie s  in  
eq u a tio n s  [1233 and [ 124] a s  i s  shown below.
(a) k^ v a lu e s :
( i )  fo r  po tass iu m  io n
s lo p e  = C = 1.585 X 10 ^ min  ^ (from F ig . 71)
= 0.07772 mole/1  
[NO^'3 = 0.07412 mole/L
S u b s t i tu t in g  th e se  v a lu e s  in  eq u atio n  [ 124] 
ky+ = 1.585 X 10“^ = 2.75 X 10’ ^ l^ /m o le ^ /n in
7 .772  X 7 .412  X 10
( i i )  f o r  sodium io n  (F ig .75)
n _ , -4  -1
C = 0 .894 X 10 min
[S ^ O s^ '”]  =  0 . 0 7 4 4 5  m o l e A  
[N O g ~ ] =  0 . 0 7 4 4 9  m o l e A
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T herefore
)^  + = 0-0894  X 10~^ = 1 .6 2  X 10”^ l^ /m o le ^ m in
7.445 X 7.449 X 10"4
( i i i )  s im i la r ly  fo r  caesium io n  (F ig .7?)
k^s+ = 1.830 X 10' ^  = 3.17 X 10“^ l^/m ole^/m in
7 .740 X 7.449 X 10-4
(b) v a lu e s :
( i )  from e f f e c t  OFig.71) : in  t h i s  case the  in te r c e p t  A i s  
g iven  by r e w r i t in g  eq u a tio n  [125 ] s p e c i f ic a l ly  as
A = k , [ 8gOg^"] + k2°[N02" ] [S 20g ^ ']  + k^j^+CNa'^JEKO^'^CSgOg^']
[126]
because sodium io n  i s  th e  r e s id u a l  c a t io n .
A = 4 .0 0  X 10 ^ m o le /l/m in
k^ = 2.61 X 10 ^ min  ^ ( see p » i46 )
kj^^+ = 1 .62  X  10 ^ 1^/m ole^/m in
[S20g^” ] = 0.07772 mole/1  
[NO^” ] = 0.07412  mole/1
[Na^] = 0.07412 mole/1
S u b s t i tu t in g  th e se  v a lu e s  in  eq u a tio n  [126] g ives
4,00  X  10"^ = 2 .61 X  10"^ (0.07772) + k g °  (0.07412) (O0O7772) +  1.617 X  10"2
(0.07412)2 (0,07772)
and so lv in g  fo r  k^° g iv e s
^  o ^  1.281 X 10"5 = 2 .22  X  10“^ 1/m ole/m in
7.412  X 7 .772 X 10 ^
( i i )  from Na"^  e f f e c t  (F ig .75 ) :  in  t h i s  case the  r e s id u a l  c a tio n  
i s  th e  po tassium  io n  and th e re fo re  eq uation  [ 125] may be 
w r i t t e n  a s
A = k^ESgPgZ-] + kgOCNOg'JESgPgZ-] + kjj.+CK'^DENO^'JESgOg^'J
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A = 7 o07 X 10 ^ mole/l/valn
= 2,61 X 10 ^ min ^
1
k^+ = 2.751 X 10 2 i^ /m ole^ /m in
[K"^] =  0 . 2 5 1 0  m o l e A  
[ S 2 0 g 2 " ]  =  0 . 0 7 4 4 5  m o l e A  
[N O g " ] =  0 . 0 7 4 4 9  m o l e A
S u b s t i tu t in g  th e se  v a lu e s  in to  eq u a tio n  [127] and so lv in g  fo r  k^° g ives
k A  = 1 . 2 9 8  X ICT  ^ = 2 , 3 4  X 1 0 ’ ^ 1/ m o l e Ao'2
7.445  X  7.449  X  1 0 ~ ^
( i i i )  from Os"*" e f f e c t :  in  t h i s  case bo th  potassium  and sodium io n s  
a re  o r ig i n a l ly  p re s e n t  in  th e  system  and th e re fo re  th e  in te r c e p t  o f  
F ig . 77 in c o rp o ra te s  term s in v o lv in g  bo th  th ese  io n s  and th e re fo re  
eq u a tio n  [125] i s  expanded a c c o rd in ^ y  and r e w r i t te n  as
A = k^[S ^0g2- ]  + kg°[N0^ "][S ^ 0g2- ]  k^+[K'*'] k j^ /[N a^ ] j  [N0^ '] [ S ^ 0g2" ]
A = 8 ,0 3  X  10 ^ m o le /l/m in  [ 128]
k .  = 2.61 X 10 ^ min ^1
kg+ = 2.751 X 10“2 i^ /m o le^ /m in
k^^+ = 1.617 X 10 2 i^ /m o le^ /m in
[K"^] =  0.2524 m o l e A
[Na"^] =  0 . 0 7 4 4 9  m o l e A
^ ^ 2 °8 ^ " ^  =  0 . 0 7 7 4 0  m o l e A  
[N O ^ " ] =  0 . 0 7 4 4 9  m o l e A
In tro d u c in g  th e se  v a lu e s  in to  eq u a tio n  [1^8 ] and so lv in g  fo r
okg, g iv e s
kg° = 2 .28  X 10~^ r  /m ole' /m in
Table 79 g iv e s  a  summary o f  th e  r e s u l t s  o f  th ese  c a lc u la tio n s  
and a  lo o k  a t  t h i s  ta b le  shows th a t  c a tio n s  c a ta ly z e  th e  r e a c t io n  in  th e
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ascend ing  o rd e r  Na^ < < Cs^. Moreover th e  v a lu es  o f  kg° c a lc u la te d
from d i f f e r e n t  p lo t s  a re  so c lo se  t h a t  th e  assum ption o f
a d d i t iv i ty  in  eq u a tio n  [125] i s  to  be taken  as v a l id .
Table 79 
C ation  E f fe c t
C ation  10^ k^ l^ /m o le^ /m in  10^ kg° l/mole/aln
Na'  ^ 1 .62 2 .34
K'^  2 .75  2.22
Cs^ 3 .17  2 .28
P o ta s s iu m io n  e f f e c t
The e f f e c t  o f  po tassium  io n  on th e  r a te  o f  the  re a c t io n  was s tu d ie d  
a t  th e  c o n s ta n t ex p erim en ta l c o n d itio n s  shown below. The e f f e c t s  o f bo th  
po tassium  n i t r a t e  (T ab les  80-8I and F ig .68) and potassium  su lp h a te  
(T ab les 82-84 and F i g .69-70) were in v e s t ig a te d .  In  runs 84a  eind 84b th e  
re q u ire d  amount o f  po tassium  su lp h a te  was w e i r e d  d i r e c t ly  in to  the  re a c tio n  
v e sse l because o f  s o l u b i l i t y  problem s, w h ile  in  a l l  th e  o th e r  runs s o lu tio n  
B (see  p .  116) ” a s  u su a l -  co n ta in ed  th e  added s a l t .
E xperim en ta l c o n d itio n s  w ith  c o n c e n tra tio n s  in  moleA*
= 0.07772 
[NO2"] = 0.07412
[Na'^] = 0.07412
[P ho i^ha  te ]  t o t a l  = O.O6835 
Tem perature = 60 . 0°C
Table 80 
The E f fe c t  o f  Added KNO.
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[KNO^] added 
[K"*"] t o t a l  
pHo
Time
(min)
5
10
15
20
25
30
40
60
[NagSgO^]
(a) N il
0.2510
6.373
T i t r e  lO^Cs On^"] 
(ml) 2 8
38.39
38.20
38.01
37.75
37.60*
37.33**
36.82
0.02083
(b) 1.000
1.2510
6.157
(c) 0.100
0.3510
6.345
T i t r e  lO^CgOa^-] 
(ml) 2 8
T i tr e
(ml)
icfcSgOgZ-]
- 38.08 7.593 36.62 7.628
7.655 37.67 7.511 36.42 7.586
7.617 37.01 7.380 36.14 7.528
7.579 36.31 7.240 35.97 7.493
7.527 36.05 7.188 35.82 7.461
7.497* 35 .33 7.045 35.54 7.403
7.444»» 34.75 6.929 35.10 7.311
7 .343 33.79 6.738 34.48 7.182
* tim e 31 m inu tes 
** tim e 42 m inu tes
Table 8 l 
The E f fe c t  o f  Added KNO.
[Na^S^O^] = 0.02083
CKNO^Dadded 
Ck'*'] t o t a l  
pHo
Time
(min)
5
10
15
20
25
30
40
50
60
(a) 0 .800 (b) 0.,3000 (c) 0.,6000
1.0510 0..5510 0..8510
6.177 6,,247 6,.163
T i t r e
(ml)
lo^Cs^Og^' ] T itre  
(ml)
lO^CSgOgZ' ] T i t r e  
(ml)
lO^CSgOgZ-]
36 .22 7.545 36.72 7.649 36.30 7.561
33.76 7.449 36.41 7.584 33.84 7.466
35.32 7.357 36.05 7.509 35.48 7.390
34.77 7 .243 35.81 7.459 35.07 7.305
34.38 7.161 - - - -
33 .93 7.068 35.24 7.340 34.31 7 .1 'iV
33.30 6.936 34.57 7.201 33.61 7.001
- 34.08 7.099 32.82 6.836
32.02 6.670 33.61 7.001 32.62 6.795
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Table 82 
The E f fe c t  o f  Added
[Na^S^O^] = 0.02126 in  a  and b and 0.02108 in  c
[KpSO^jadded (a) 0.1014 (b) 0 , 0512 (c) 0 .2513
[K ] t o t a l 0.4510 0. 3510 0 .7536
pHo 6,265 6 , 307 6 .204
Time
(min)
T i t r e
(ml) lofcs^O gZ-] T i t r e(ml)
102[S_,0g2- ] T i t r e
(ml)
lo^cs^Og^-
5 36.31 7.720 36.50 7.760 56.68 7.732
10 35.98 7.649 36.22 7.700 56.26 7.648
15 35.67 7.583 36.02 7.658 35.92 7.572
20 35.44 7.535 35.74 7.598 35.62 7.509
30 34.90 7.420 35.34 7.513 34.99 7.576
40 34.37 7.307 34.81 7,401 34.76 7.327
50 33.86 7.199 34.45 7.324 35.08 7.184
60 33.60 7 .145 33.94 7.216 33.75 7-115
Table 83 
The E f fe c t  o f  Added K^SO
[Na^S^O^] = 0.02108
2 4
[K SO^]added
[K J t o t a l  
pHo
Time
(min)
5
10
15
20
30
40
50
60
(a)
T i t r e
(ml)
36.52
36.17
35.66
35.21
34.71
33.96
33.37
33.00
0.3108
0.8726
6.222
lO^CS^Og^” ]
7 .698
7.625
7.517
7.422
7 .313
7.159
7 .034
6.956
(b) 0.1488
0.5486
6.260
(c) 0.2003
0.6516
6.215
T i t r e
(ml)
36.91
36.61
36.30
35.95
35.33
34.86
34.28
33.88
Ic fc g  Oa^-] T i t r e  lO^CSAo^*'] 
^ ® (ml) 2 8
7.781
7.717
7 .652
7.578
7.448
7.348
7.226
7.142
36.62
36.30
35.94
35.58
34.92
33.99»
33.79
33.40
7.719
7.652
7.576
7.500
7.361
7 . 152»
7 .123
7.041
tim e 47 m inu tes
Table 84 158,
The E f fe c t of Added K^SO.
[Na^SgO ] := 0.02108
[KpSO^]added (a ) 0.3805 (b) 0.4960
[K’’’] t o t a l 1.012 1.243
pHo 6.183 6.155
Time
(rain) T i t r e
(ml)
IcfTSgOgZ-] T i t r e
(ml)
IcftSgOg^"]
5 - - 55.75 7.552
10 55.62 7.509 55.17 7.414
15 55.17 7 .4 i 4 54.72 7.519
20 34 .80 7.556 54.15 7.199
25 54.22 7.214 55.75 7.110
55 55.62 7.087 52.97 6.950
45 55.10 6.977 52.51 6.811
60
!
52 .50 6.808 51 .45 6.650
Sodium io n  e f f e c t
The e f f e c t  o f added sodium io n , in  th e  form o f sodium n i t r a t e ,  
on th e  r a t e  o f  th e  r e a c t io n  was in v e s t ig a te d  a t  th e  fo llow ing  co n stan t 
e x p erim en ta l c o n d it io n s . C o n cen tra tio n s  a s  u su a l in  u n i ts  o f moleA*
[SgOgZ-]^ = 0.07445
CNO^-lo 0.07449
[P h o s p h a te ] to ta l  = 0.06835  
[K^] r e s id u a l  = 0 .2510
The c o n c e n tra tio n  o f  sodium io n  was v a r ie d  between O.O7OO to  
1 .20  m o leA - The ex p erim en ta l d a ta  a re  given in  Tables 85 -  86 and 
F ig s . 72 -  74 .
E f f e c t  o f  Added IdiO,
00
8.000
80(a)
80(c)
7.000  _
81(c)
6 ,500 J
Time (min)
160,
E f f e c t  o f  Added ÏCSO,
CO
8.000
82(b)
7.000
81(c)
6.500
604010 7020
Time (rain)
161
E f f e c t  o f  Added K_SO,
8.000
CO
7.000
83(b)
83(c)
83(a)
84(b)
6 .5 0 0 -
10 20 30
Time (min)
40 50 60 70
Po tass ium  Ion  E f f e c t
20.00
88 (a  and b)
0 Added s a i t  KITO^  
Q Added s a l t
5 . 0 0 -
10.05.00
] m o le /l
163.
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Sodium Ion E f f e c t
7 . 500 -
85(d)
86(d)
86(b)
6.500
6040 5010 20
Time (min)
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Sodium Ion E f f e c t
8.000
rH
7 . 50 0 -
86 (a )
7 .COO
86(c )
6 , 5 0 0 -
10 20 3-C
Time ( rain)
—T"
ko 50
—r  
60
i6y
Sodium Ion  E f fe c t
[S Co^ ] V, Time
8.000
OO
85(b)
85(c)
10 20
Time (min)
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Sodium Ion E ffe c t
2 0 .0 0
15.00
10 .00
5 .00
4 .0 0 6.00 8.002 .0 0 14.010.0 12 .0
M
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Caesium io n  e f f e c t
The e f f e c t  o f  caesium io n  on th e  r a te  o f the r e a c t io n  was s tu d ie d  a t  
the estperim ental c o n d itio n s  shown below. The s a l t  used was re a g en t grade 
caesium n i t r a t e  a s  th e  A nalar was n o t a v a i la b le .  Caesium ion  c o n ce n tra tio n  
was v a r ie d  from abou t 0 .05  m o le /l to  about 0 .5  m o le /l .
C o n d itio n s  : c o n c e n tra tio n  in  u n i t s  o f  m o le /l .
[S^Og^'Do = 0.07740
= 0,07449
[P h o sp h a te ] to ta l  = O.O6835 
[Na*^] = 0.07450
[k"^ ] = 0.2524
Tem perature = 6 q . o ° C
CCs'^]
pHo
Time
(min)
5
10
15
20
25
30
35
45
60
Table 87 
Caesium Ion  E f fe c t
[Na^S^Og] = 0.02077
(a) 0.05147
6.412
T i t r e
(ml)
37.07
36 .73
36 .53
36.36
36 .20
35.75
35.30
34 .80
lO^CSgPgZ"]
7.691
7 .629
7 .587
7 .552
7 .519
7 .425
7 .332
7 .228
(b) 0 .1013
6.412
(c) 0.2009
6.387
T i t r e  10 [S.O q^ *] 
(ml) 2 8
37.05
36.74
36.54
36.29
36.08
35.60
35.18
34.51
7.695
7.631
7.587
7.537
7.494
7.394
7.307
7.168
37.02
36.75
36.38
36.14
35.89
35.70
35. 12*
34.18
T i t r e  10^[g .0g^"]: 
(ml) 2 8
7.689
7.633
7.556
7.506
7 .454
7.415
7.294*
7.099
* tim e 4 l  m inu tes
170.
Table 88
Caesium Ion .E ffe c t
[Na^S^O ] = 0.02077
I [Cs^] 
1 pHo
Time
(min)
5
10
15
20
25
50
35
40
45
6o
(a) 0.5075
6.572
(b) 0.4052
6.545
(c) 0.5075
6.500
T i t r e
(ml)
lO^CS^Og^'] T i tr e
(ml)
10^[Sg0g^" ] T i tr e
(ml)
lo^cSgOgZ']
36.85 7 .654 36.91 7.666 36,74 7.631
36.43 7.567 36.53 7,587 36.28 7.535
36.20 7.519 36.11 7.500 35.85 7 .446
35.82 7 .440 35.79 7.454 35.52 7.378
35.60 7 .394 35.39 7.551 35.07 7 .284
35.22 7.315 35.05 7.280 34.78 7.224
- - 34.71 7.209 34.43 7.151
54.50* 7.166* - - — -
■ - - 54.27 7.118 33.83 7.026
33.63 6.985 - - - -
* tim e 42 m inu tes
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Caesium Ion E f fe c t
[SgOp ] V. Time
8.000
00
87(a)
^ ( b )
7 .000. 8 7(c )
8 8 (a )
8 8 (b )
6 .5 0 0
20
Time (min)
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caesium Ion E ffe c t
2C.0 -
1 0 .om
5.00  .
4 .001.00 2.00 5.00 5.00
Table 89
Cation E ffe c t
175,
S a l t  10[M"^]total 10^ R
added (m o le /l) (m ole/L /S in)
(a) KNO 2,510 7 .95
5.510 9 .20
5.510 12.70
8.510 16.90
10.51 20,20
12.51 22.20
(b) K 80 , 5 .510 9-70
4,510 11.40
5.486  15.50
6.500 14,60
7.556 14.50
8,726 18.50
10,12 19.10
12.43 22.50
(c) NaNO 0,7445 8.00
1.7445 8.40
5.7445 10,45
5.7445 12.20
7.211 14,00
8,718 14,30
10.7445 15.20
12.7445 16.70
(d) CsNO 0,5147 8 .90
^ 1.015 9 .80
2.0009 11-75
3.0750 14,00
4.052 15.50
5.075 17.50
174.
Hydrogen io n  e f f e c t
The e f f e c t  o f  v a ry in g  the  pH o f the  re a c t io n  m ixture on the  
r a te  was in v e s t ig a te d  a t  c o n s tan t experim ental c o n d itio n s . The pH was v a rie d  
by v a ry in g  th e  r a t i o  [HPO^^"]/[H^PO^"] keep ing  the  co n cen tra tio n  o f  bo th  
sodium and po tassium  io n s  c o n stan t by adding the  re q u ire d  amount o f  the  
re s p e c tiv e  n i t r a t e .  In  doing so i t  was assumed th a t  an ions do n o t have
s p e c if ic  e f f e c t s  on th e  r e a c t io n  as  was concluded in  th e  p rev io u s  s e c t io n .
The main e f f e c t  o f  v a ry in g  t h i s  r a t io  w i l l  be to  change the  pH and may be
to  cause a  change in  io n -p a ir in g  as th e  d in eg a tiv e  io n  w i l l  be expected  to
form io n - p a i r s  w ith  th e  c a tio n s  more than  the  m ono-negative io n , and hence 
p roducing  a  change in  th e  c o n ce n tra tio n  o f  f re e  c a tio n .
The pH was m easured -  a s  in  o th e r  p a r t s  -  w ith  a  Pye I)ynakap pH m eter 
u s in g  a  combined g la s s  e le c tro d e . From a p lo t  o f  pH a g a in s t time the  
i n i t i a l  pH was found by e x tra p o la t io n .
The ex p erim en ta l d a ta  a re  given in  T ables 90-91 and F ig s . 7^-84 w hile  
Table 92 sum m arises th e  r e s u l t s .  I t  i s  seen from th e  l a t t e r  ta b le  t h a t  a  
v a r ia t io n  o f  pH in  th e  range 8.358 -  5 «790 , co rre i^ond ing  to  a  change o f  
hydrogen io n  c o n c e n tra tio n  o f  about 0.046  -  l 6 .2  x  10 ^ m ole/L, p roduces 
very  l i t t l e  e f f e c t  on th e  r a t e  o f  th e  r e a c t io n .  The sma l l  in c re a se  in  
r a te  below pH 6 .1 4  may be due to  an io n -p a ir in g  e f f e c t  because a t  th e  low er 
pH v a lu e s  th e  c o n c e n tra tio n  o f  H^PO^ i s  higgler than  the  co n ce n tra tio n  o f  
HPO|^  ^ • The form er io n  w il l  n o t p a i r  w ith  Na o r  K so w ell a s  th e  l a t t e r .
Hence th e re  w i l l  be more f r e e  Na^ and K to  a s s i s t  th e  r e a c t io n  a s  th e  pH
i s  low ered cau s in g  th e  sm all in c re a se  observed .
I t  i s  a ls o  c le a r  th a t  sm all d if f e re n c e s  in  pH in  e a r l i e r  experim ents
do n o t a f f e c t  th e  co n c lu sio n  reached th e re .
E xperim en ta l c o n d itio n s
The fo llo w in g  experim en tal c o n d itio n s  apply  to  Tables 90- 91# 
C o n cen tra tio n s  in  u n i t s  o f  m ole/1 .
[NO^-Jo
CK’*']
CNa'^]
Tem perature
= 0.07778 
= 0.07731
= 0.300 
= 0.500 
1 .2  
= 6o.o°c
175.
Table 90 
Hydrogen Ion  E f fe c t
Cs^o^^"] = 0.02659
[ ph;  - (a) 8 .538 (b) 6.777 (c) 6.597
Time
(min)
T i t r e
(ml)
lO^Cs^Og^"] l i t r e
(ml)
icfcs^OgZ- ] T i t r e  
(ml)
lofcs^O g '
5 29 .03 7.719 28.96 7.700 29.05 7.716
10 28.81 7.661 28.69 7.629 28.82 7.655
13 23.51 7.381 28,41 7.334 28.51 7.572
20 28,27 7.317 28.12 7.477 28.20 7.490
25 27.91 7.421 27.84 7.403 27.96 7.426
30 27.65 7.352 27.33 7.320 27.67 7.354
33 27 .38 7.280 27.23 7.240 - -
45 26 .83 7.134 26.63 7.081 26.74* 7.102*
60 26.16 6.956 25.97 6.905 - -
________ _ _____________ .
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Table 92
Hydrogen Ion E ffe c t
177.
pH
8.338
6.777
6.597
6.355
6 .143
6.011
5 .790
10^ Eo
m ole/l/m in
1.53 
1.56 
1.50 
1.60 
1.68 
1.67 
1.69
Tempera tu re  e f f e c t
I t  h as  been e s ta b lis h e d  in  th e  p re v io u s  s e c tio n s  th a t  the  r a t e  law
a t  c o n s ta n t pH, c a tio n  c o n ce n tra tio n  e t c . ,  i s  g iven by 
E = k^CS^Og^'J + k g[S gO g^ '][N O g" ]
o r
R =
[ 112]
[ 129]
where R i s  th e  o v e ra l l  i n i t i a l  r a t e  fo r  the  n i tr i te -p e ro x o d is u lp h a te  r e a c t io n  
and R^ and R^ a re  th e  re s p e c tiv e  i n i t i a l  r a t e s  fo r  the  and k^ p a th s .
The e f f e c t  o f  tem p era tu re  on b o th  p a th s  was in v e s t ig a te d  by fo llow ing  bo th  
the n i t r i te - p e r o x o d is u lp h a te  re a c t io n  and th e  decom position o f  p e ro x o d isu lp h a te  
a t  each tem p era tu re  under s im ila r  experim ental co n d itio n s  a s  shown below.
R and R  ^ were c a lc u la te d  from th e  a p p ro p ria te  CS^Og^ ] /t im e  graphs w hile  
was c a lc u la te d  from ; lo g  ] /t im e  graphs as the  decom position o f
p e ro x o d isu lp h a te  i s  a  w e ll e s ta b lis h e d  f i r s t  o rd e r re a c t io n  (see main 
in tr o d u c t io n ) .  R^ and k^ were c a lc u la te d  from eq u ations [130] and [131]
r e s p e c tiv e ly
R, R -  R. [130]
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From a p l o t  o f  lo g  k v e rsu s  ^  the  A rrhen ius param eters  fo r  each 
p a th  were c a lc u la te d  and they  were:
(a) p a th ;
( i )  E = 33*5 -  0 .1  k cal/m ole  which i s  in  good agreement
w ith  th e  v a lu e  o f  33.5 k cal/m o le  re p o rte d  by K o lth o ff and M ille r  
under s l i g h t l y  d i f f e r e n t  c o n d itio n s .
( i i )  A = 4 .38  X 10^^ sec  ^
(b) k^ p a th :
( i )  E = 14.0  k cal/m ole
( i i )  A = 9 .1 8  % lO^rtsec ^
The fo llo w in g  experim en ta l c o n d itio n s  apply  fo r  T ables 93-100  and 
F ig s .85-89 .
C o n ce n tra tio n s  in  mole/1  o f  sp e c ie s  p re s e n t .
[S^O g^'Jo = 0,03919
[ no^'D q = 0.07731
[H^PO^ ] = 0 .200 a s  p u t in
[HPO^^ ] = 0 ,200 a s  p u t in
Ck" ]^ = 0 .500
[Na'^] = 0.500
These same c o n d itio n s  app ly  fo r  the  ru n s  in v o lv in g  the  decom position 
o f  p e ro x o d isu lp h a te  ex cep t th a t  th e re  i s  no n i t r i t e  p r e s e n t  in  t h i s  case .
Table 93
E f fe c t  o f  Tem perature on O vera ll Rate (R)
= Oo01060 m o le /l in  a
= 0.01091 " in  b
= 0.01435 " in  c
183,
Tem perature
(°C)
Time
(min)
(a) 53 .0 (b) 60.0 (c) 65 .0
T i t r e lO^CS^Og^” ] T i t r e
% '
10 CS^Og^-J T i t r e  lO^CS^Og^"]
3 36.62 3.882 33.33 3.837 26.36 3.781
10 36.40 3.858 34.91 3.809 23.87 3.712
13 - - 34.37 3.772 23.37 3.641
20 35.80 3.793 34,14 3.723 24,87 3.369
23 - - - - 24.46 3.310
30 35.20 3.731 33.27* 5.630* 24.04 3.430
33 34.92 3.702 33.02 3.602 23.66 3.393
40 34.67 3.673 32.70 3.568 23.22 3.332
45 - - - - - -
30 34.20 3.623 - - 22.33 3.233
60
* tim e 3
33.70
1 m inu tes
3.372 31.33 3.418
-----------
2-
Table 94
E f fe c t  o f  Tem perature on O vera ll Rate (R)
^^2^3  ^ 0.01433  m o le /l
Tem perature 70 .0° 73 .0°
(°C)
Time T i t r e lO'^CSgOg ] T i t r e lo'^CSgOg'^"]
(min) (ml) (ml)
3 25 . 48* 3.656* 25.29 3.629
10 24.92 3.576 24.27 3.483
13 24.30 3.487 23.23 3.334
20 23.33** 3.377** 22.36 3.209
25 23.02 3.303 21.45 3.078
30 22.49 3.227 20.69 2.969
33 . 21.92 3.146 19.92 2.859
40 21.40 3.071 19.15 2.748
43 • 20.89 2.998 18.57 2.668
30 - - -
60 —
* tim e 5*5 m inu tes
** tim e 21 m inutes
Table 95
Decom position o f  P eroxod isu lphate  
T emp e r a tu re  = 55 « 0° C 
[S g O ^ "] = 0.01061
184,
Time (min) T i t r e  (ml) lO^Cs^Og^"] 2 + logCS^Og^']
30 37.07 3.925 0.5938
60 36.91 3.912 0.5924
90 36.75 3.896 0.5906
120 36.67 3.887 0.5896
162 36.63 3.883 0.5891
180 36.56 3.875 0.5883
210 36.52 3.871 0.5878
240 36.52 3.871 0.5878
255 36.46 3.865 0.5871
Table 96
Decom position o f  P eroxod isu lpha te  
Tem perature = 65 .0°
= 0.01435 mole/L
; Time (min) T i t r e  (ml) lOrCSgOg^"] 2 4. logCS^Og'^"]
30 26,69 3.830 0.5832
75 26.07 3.741 0.5730
105 25.57 3.669 0.5646
150 25.01 3.589 0.5550
180 24.58 3.527 0.5474
210 24.19 3.471 0.5404
225 24 .03 3.448 0.5376
240 23.78 3.412 0.5331
255 23 .64 3-392 0.5305
Table 97
Decom position o f  P eroxod isu lpha te  
Tem perature '= 7 0 .0  C
= 0.01435 mole/L
Time (min) T i t r e  (ml) To2 [^ 2° 8'^^3' 2 + logCSgOgZ-]
15 25.99 3.730 0.5717
30 25 .44 3.651 0.5624
60 24 .64 3.536 0.5485
90 23 .76 3.410 0.5328
180 2 1 .6 3 3.104 0.4920
210 20 .72 2 .973 0.4732
225 20 .42 2.930 0.4669
240 20 .06 2.879 0,4593
Table 98
D ecom position o f  P eroxod isu lpha te  
Tem perature = 75*0^0
185
CSgO^^"] = 0.01435
(min) T i t r e (ml) IO^CSgOg^'3 2 + logCSgOgZ-]
15 25 .92 3.720 0.5705
30 24.95 3.580 0.5539
45 24 .03 3.448 0,5376
60 23.21 3.331 0.5225
75 22.36 3.209 0.5063
90 21 .58 3.097 0,4909
105 20 .83 2.989 0.4755
120 20.12 2.887 0.4605
135 19.48 2.795 0,4464
Table 99
Tem perature E f f e c t
(1) p a th (Decom position o f  P eroxod isu lpha te)
Tem perature(°C )
5 5 .0
60 .0
65 .0
7O0O
7 5 .0
3.0474
3.0017
2.9573
2.9142
2.8723
10^ k^Crain
10.67
26.10
54.71
114.2
238.4
5 + lo g  k.
1.0282
1 . 4 i 66
1.7381
2.0577
2.3773
( 2 )
Table 100 
Tem perature E f f e c t  
k^ p a th  from O v era ll R eaction
jmpe r a tu r e
____
io ^ (° k"^)
T
lO^R lO^R^ lO^Rg lO^kg 2+IO0C,
5 5 .0 3.0474 6.250 0.430 5 .820 1.920 0.2833
60.0 3.0013 8.800 1.022*■ 7.780 2.570 0.4099
6 5 ,0 2.9573 13.50 2.140 11.36 3.730 0.5717
7 0 .0 2.9142 19.05 4.200 14.85 4 .900 0.6902
7 5 .0 2 .8723 29.05 9.030 20.02 6.590 0.8189
R in  u n i t s  o f  m o le /l/m in  
kg in  u n i t s  o f  1/m ole/m in
* c a lc u la te d  from R  ^ = 2.61  x 10 ^ [ 8gOg^ ] .
T er.p a ra tu ro  E f fe c t  (O v e ra ll  R e a c tio n ) 
[S Go""’”] V ,  Time
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The r a te  law ( a t  co n stan t pH, c a tio n  co n cen tra tio n  e t c . , )
E = k^ES^Og^'] + kgCSgOg^'jCHOg"]   [112]
shows th a t  p e ro x o d isu lp h a te  d isap p ea rs  v ia  two re a c tio n  p a th s  and i t  has 
been shown th a t  th e  r a t i o  -  under c e r ta in  experim ental co n d itio n s  -
i s  approx im ate ly  100 i f  the  co n cen tra tio n  u n i t s  in  a re  expressed  in  
m o le / l .  A h ig h  c o n c e n tra tio n  o f n i t r i t e  and a  low co n cen tra tio n  o f 
p e ro x o d isu lp h a te  w i l l  be expected to  favour th e  k^ p a th . Thus by in c re a s in g  
th e  r a t i o  [NO^ J/CS^Og ] the  r a te  o f  the k^ p a th  can be made so h i ^  r e l a t iv e  
to  t h a t  o f  th e  k^ p a th , t h a t  the  l a t t e r  can be made n e ^ ig ib l e  and th e re fo re  
any s to ic h e io ra e tr ic  s tudy  under such c o n d itio n s  w i l l  be approxim ately  th a t  
o f  th e  k^ p a th .
Table 101 in c lu d e s  th e  r e s u l t s  o f two experim ents (a  and b) in  which 
th e  r a t i o  [NO^ ] i s  approxim ately  20/ l  and 4o /l  co rre  p o n d in g  to
r e l a t i v e  r a t e s  -  o f  th e  k^ p a th  to  k^ p a th  -  o f  IOO/I and 200/1 r e s p e c t iv e ly  . 
In  th e se  c o n d itio n s  th e  theiroal decom position o f pe ro x o d isu lp h a te  can 
be ig n o red  a s  a  c o n tr ib u to r  to  the  reac tio n *  In  th ese  two experim ents 
th e  rem ain ing  n i t r i t e  was determ ined by the  method o f  Simpson and L aird  
(d e sc r ib e d  e a r l i e r ) , a f t e r  checking fo r  th e  complete re a c tio n  o f  a l l  th e  
p e ro x o d isu lp h a te  by adding a  sample to  an io d id e  so lu tio n  and te s t in g  fo r  
io d in e .  The average  s to ich e io m e try  (c a lc u la te d  a s  S^Og^ /NO^ ) i s  
1,005 -  0 .0 7 4 , which in d ic a te s  t h a t  th e  two re a c ta n ts  a re  consumed in  
equ im olar q u a n t i t i e s  in  th e  k^ p a th .
The o th e r  experim ents re p o rte d  in  Table 101 a re  s imi l a r  to  meUQr o f  
th e  a c tu a l  k in e t i c  ru n s . In  th e se  experim ents (c  -  f)  the  s to ich e io m e try  o f  
th e  r e a c t io n  was s tu d ie d  by e s tim a tin g  b o th  peroxod isu lphate  and n i t r i t e  
in  th e  same sam ple. The method co n sis te d  o f  determ ining  pero x o d isu lp h ate  in  
th e  u su a l way by r e a c t in g  i t  w ith  excess io d id e  and t i t r a t i n g  th e  l ib e r a te d
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io d in e  w ith  s tan d a rd  th io s u lp h a te  s o lu tio n  and th en  t r a n s f e r r in g  th e
s o lu t io n  r e s u l t in g  from th e  t i t r a t i o n  q u a n t i ta t iv e ly  in to  a  v o lum etric
f la s k  and an a ly z in g  a sample o f  t h i s  s o lu t io n  fo r  n i t r i t e  sp ec tro p h o to m etrica lly
a s  was d e sc rib e d  e a r l i e r .  The re fe re n c e  s o lu t io n  was id e n t ic a l  to  th e
sample in  a l l  a s p e c ts  excep t fo r  the  absence o f  the  coupling  sigent.
The r e s u l t s  in  Table 101 show th a t  the  s to ich e io m etry  o f  th e  re a c t io n
i s  v a r ia b le  and th a t  i t  p ro b ab ly  depends on the  r e l a t iv e  and a c tu a l
c o n c e n tra tio n s  o f  th e  r e a c ta n ts ,  b u t i t  i s  g e n e ra lly  g re a te r  than  1.100
under th e  ex p erim en ta l c o n d itio n s  o f th e  a c tu a l  k in e t ic  ru n s . This again  
confirm s th a t  e q u a tio n  [ 112] i s  a  reaso n ab le  r a te  law , and th a t  
p e ro x o d isu lp h a te  p a r t l y  o x id iz e s  n i t r i t e  to  n i t r a t e  (see  below) and p a r t ly  
d is a p p e a rs  t h r o u ^  some o th e r  p a th  which i s  independent o f  n i t r i t e ,  and th i s ,  
p ro b a b ly , i s  a  r e a c t io n  w ith  w ater to  produce oxygen
SgOg^' + HgO = 2S0^^~ + 2H^ + . . . . . .  [2 ]
(2)a r e a c t io n  which i s  w e ll e s ta b lis h e d  in  th e  absence o f  n i t r i t e  • However, 
two e f f o r t s  to  measure th e  volume o f  oxygen evolved accounted fo r  only about 
9 .24#  and 8 .81^  o f  p e ro x o d isu lp h a te  b u t because o f  th e  sm all volume o f  gas 
in v o lv ed  th e  r e s u l t s  a re  n o t very  a c c u ra te .
Q u a l i ta t iv e  t e s t  f o r  n i t r a t e
Samples o f  th e  r e a c t io n  m ix ture  were a c id i f ie d  and re a c te d  w ith  
sulpham ic a c id  to  d e s tro y  any rem ain ing  n i t r i t e  u n t i l  a  fu r th e r  a d d itio n  
o f  th e  a c id  gave no n i tro g e n  g a s .
HNO  ^ + HOSO^  NHg = + H^SO  ^ + H^ O .  [132]
The s o lu t io n  was th en  te s te d  fo r  n i t r a t e  (brown r in g  t e s t ) . E ad i tim e the  
r e s u l t  was p o s i t i v e .
The s to ic h e io m e try  o f  th e  k^ p a th  can th e re fo re  be rep re sen ted  
by e q u a tio n  [ 133]
®2°8^' ”°2~ * ®2° ^ + HOj" + 2H*
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Time
(hours) c W " ]
[ROz"]
(a) 0
24
0.04938
N il
1.0094
0.9628 1.060
(b) 0
24
0.02690
N il
1.0436
1.0153 0.950
(c) 0
29
0.01930
0.00130
0.1203
0.1058 1.240
(d) 0
29
0.01930
0.00109
0.2083
0.1931 1.230
(e) 0
4
6
0.07858
0.04926
0.03941
0.07000
0.04460
0.03507
1.154
1.121
(f) 0
5
0.07835
0.04240
0.06901
0.03669 1.114
In  a l l  experim ents
[H^PO^ ] = = 0.200 mole A  as pu t in .
In  experim ents c -  f
CNa'*’]  = [K*] = 0 . 5 0 0  m o l e A
T ençerature  = 60.O C
The e f f e c t  o f  a l l y l  a l cohol
The e f f e c t  o f  f re e  ra d ic a l  scavengers on the ra te  o f  the re a c tio n  was 
in v e s tig a te d  by adding a l l y l  a lcohol to  a ty p ic a l re a c tio n  m ixture. Contrary 
to what was rep o rted  in  the a b s tra c t  mentioned in  the beginning o f  th i s  
"hap ter, the  e f f e c t  o f  a l l y l  a lcoho l, in  the conditions o f  the p re sen t work, 
was to  in c re a se  th e  r a te  o f lo s s  o f  peroxodisulphate, p o ssib ly  because o f  "tiie 
e f f e c t  o f  the  a lco h o l on the p a th . The r e s u l t s  o f  some runs a re  shown 
in  Table 102 and F ig . 90 .
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A ll co n ce n tra tio n in  u n i t s  o f  m oleA
= 0.07880
[NO^-lo = 0,06915
[HgPO^"] = CHP0^^"3 a s  p u t in
[Na'^] = [k'*'] = 0.500 as  p u t in
Tem perature = 6o.O°C
[S3O32-] = 0,02490
■Allyl alcohol)
Time
(min)
(a) N il (b) 0 ,18 (c) 0 .29
T i t r e
(ml)
lO^cSgOgZ"] T i t r e
(ml)
10^[8g0g^"] T i t r e
(ml)
lo^cs^Og^-j
4lO^Ro
(m oleA /nm )
5 31-24 7.780 50.95 7.707 30.65 7.632
10 50.98 7 .713 50,59 7.617 30.41 7.572
15 - - 30.06 7.485 29.96 7.460
16 50.63 7.627 - - - -
20 30.44 7.580 29.71 7.398 29.60 7.570
25 30.12 7.500 29.21 7.273 29.06 7.256
50 29 .84 7.430 28.83 7.179 28.56 7.111
55 - - 28.59 7.119
1. 4 l 2 .13 2.27
E^ ._S.Ro M easurem ents
An e f f o r t  to  d e te c t  any f re e  r a d ic a ls  o r  in te rm e d ia te s  w ith  unpaired  
e le c tro n s  by e . s . r .  sp ec tro scopy  f a i le d  to  give any p o s i t iv e  r e s u l t s .  R ad ica ls  
l ik e  SO^” and OH a re  n o t l i k e l y  to  give s ig n a ls  because o f  t h e i r  s h o r t  h a l f  
l i v e s  and t h e i r  low c o n ce n tra tio n  b u t r a d ic a ls  l ik e  NO^ » i f  p re s e n t in  
d e te c ta b le  c o n c e n tra tio n , were expected  to  show#
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R E S U L T S  A N D  D I S C U S S I O N
The r e s u l t s  o f  th e  s tudy  o f  p e ro x o d isu lp h a te  n i t r i t e  r e a c t io n  can 
be summarised a s  fo llo w s;
( 1) The r e a c t io n  i s  f i r s t  o rd e r in  each o f  the  two r e a c ta n ts .
(2 ) %ie r e a c t io n  i s  s e n s i t iv e  to  added s a l t s  and the  e f f e c t  depends only
on th e  n a tu re  and co n ce n tra tio n  o f  c a tio n  being  f i r s t  o rd e r  w ith  
r e s p e c t  to  i t .
The c a t a ly t i c  e f f e c t  o f  the  th re e  c a tio n s  s tu d ie d  d ecreases  in  the  
o rd e r  Cs^ > > Na^.
(3) The re a c t io n  i s  independent o f  pH in  the range 8.34 -  5 . 7 9 .
(4 ) The r a t e  law f o r  th e  re a c tio n  a t  co n stan t c a tio n  c o n ce n tra tio n , pH
and tem p era tu re  i s
E = k^CS^Og^"] + kgCggOg^'JCNOg"]   [ 112]
where R i s  th e  r a te  o f  d isappearance o f  p e ro x o d isu lp h a te , b u t g e n e ra lly  
th e  r a t e  law i s
R = k^ES^Og^”]  + r  kg° + [8g0g^"][H0g"]
 .........  [ 1) 4]
w hich when expanded g ives
R = k^ES^Og^"] + kg°E8g0g^"]EN0g"] + kQEM+DESgOgZ-DENOg"]
. . . . . .  E1353
where i s  th e  second o rd e r  r a te  co n stan t ax zero c a tio n  co n cen tra tio n  
and which has th e  value  o f  (2 .28  -  0 .05) x 10 ^  l/m o le /m ,. i s  the 
c a t a l y t i c  r a t e  c o n stan t fo r  th e  c a tio n  o f co n cen tra tio n  [M ] which 
i s  p re s e n t  in  th e  r e a c tio n  m ix ture  and k^ i s  the f i r s t  o rd e r r a te  
c o n s ta n t f o r  th e  therm al d eco n p o sitio n  o f  p e ro x o d isu lp h a te . I t  was a lso  
proved  th a t  th e  e f f e c t s  o f  c a tio n s  a re  a d d itiv e  and th a t  i f  more th an  
one c a t io n  i s  p re s e n t  in  th e  r e a c t io n  m ixture kg i s  given by
197.
’'2  = V  + + '^ '[ " 2 '^ ]    C156]
b u t the  maximum number p re s e n t in  the  system a t  th e  same tim e was 
th r e e .
(5) The a c t iv a t io n  e n e rg ie s  fo r  the  p a th  and th e  kg p a th
( a t  [Na^] =[K ] = 0.500  m o le /l)  a re  33*5 kcal/m ole  and l 4 .0  kcal/m ole  
r e s p e c t iv e ly  w h ile  th e  v a lu es  o f  A ( th e  frequency fa c to r )  a re  
4 .3 8  X 10^^ sec   ^ and 9 .18  x 10^ sec   ^ r e s p e c tiv e ly .
(6 ) The s to ic h e io m e try  (^2^8^ /^Og ) i s  v a r ia b le  b u t under experim ental 
c o n d itio n s  which a re  more o r  l e s s  s im ila r  to  those o f  th e  a c tu a l  k in e t ic  
ru n s  th e  s to ic h e io m e try  i s  always g re a te r  than  1 . 100. However, under 
c o n d itio n s  where n i t r i t e  i s  p re s e n t  in  a  la rg e  excess
([NOg ]/CSgOg^ ] > 20) th e  s to ich e io m e try  i s  alm ost 1.000  and t h i s  i s  
a lm ost th e  s to ic h e io m e try  o f  th e  kg p a th  which can be lep resen ted  as 
+ NOg" + HgO =, NO ■ + 280^^" + 2H'*'   [ 137]
Proposed M echanisms:
From e q u a tio n  [ 135] i t  i s  seen  th a t  th e re  a re  th re e  d i f f e r e n t  p a th s  
f o r  th e  d isap p ea ran ce  o f  p e ro x o d isu lp h a te , th e  f i r s t  o f  which i s  ap p aren tly  
independen t o f  n i t r i t e  w hile  th e  o th e r  two a re  n i t r i t e  dependent.
( 1) k ^p a th ;
The p a th  in v o lv e s  th e  therm al deco n p o sitio n  o f  p e ro x o d isu lp h a te . This 
a s  was shown in  C hapter I  p roduces oxygen acco rd ing  to  th e  mechanism
SgOg^’  -------- >  2S0^”   [5 ]
+ HgO ------> + H  ^ + OH '
OH + SgOg^“ ------>  HSO “^ + + 0    [8]
OH + S0 |^ ~ --------> ESOi^  + 0   (-9]
0 + 0 Og
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I t  was a lso  argued in  th e  p rev io u s  c h ap te r thatfbe m s t  l i k e l y  
en co u n te r o f  i s  w ith  the  so lv e n t which le a d s  to  eq u a tio n s  [ 6 ] ,  However,
OH r a d ic a l s  may p roceed  to  r e a c t  acco rd in g  to  eq u atio n s  8-10  b a t  th e  s im p le s t 
r e a c t io n  th a t  i t  can undergo in  th e  p resen ce  o f  a  reducing  ag en t i s  to  
a c c e p t an e le c t r o n  to  form th e  s ta b le  OH io n . Hence
OH + NOg" ----->  NOg + OH" . . . . . .  [ 128]
fo llow ed  by th e  d is p ro p o r t io n a tio n  o f  NOg acco rd in g  to  the  s to ich e io m etry
2N0g + HgO — »  NO ■ + NOg' +   [,39]
and fo rm ally
oh' + H'*' --- > HgO   [39]
T h ere fo re  i t  i s  l i k e l y  th a t  in  th e  p re sen ce  o f  n i t r i t e  a t  l e a s t  some OH 
r a d ic a l s  do n o t end up form ing oxygen and t h i s  may e x p la in  why i t  was n o t 
p o s s ib le  to  accoun t f o r  a l l  th e  p e ro x o d isu lp h a te  used up in  the  k^ p a th  by 
oxygen m easurem ent.
(2) kg° p a th :
I n  t h i s  p a th  th e  r a t e  d e term in ing  s te p  i s  th e  b im o lecu lar re a c tio n  
betw een p e ro x o d isu lp h a te  and n i t r i t e  acco rd in g  to  e i th e r  o f  th e  schemes
(a ) o r  ( b ) .
(a )
S Og^' + NOg = [S  OgNO = NOg* + 2fi0 j^ ^' slow
NOg + OH — NO, + H f a s t  • • #*##
o r  p o s s ib ly
NOg"*" + HgO = NO  ^ + 2H"** f a s t  • • •* • •
(b)
SgOg^" + NOg"’ = CSgOgNOg]^" slow *" " "
fo llow ed  by a  f a s t  r e a c t io n  in v o lv in g  w a ter and r e s u l t in g  in  a  
p a r t i a l  breakdown tow ards th e  same p ro d u c ts  a s  in  (a ) ;
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H^O +   ^  p ro d u c ts  «o»,.» Cl44j
and p o s s ib ly  (see  ( 1) above)
SO^"' + H^O ------ >  HSO^" + OH............................................. ...........  [ 6]
OH + NO^  —— ^  NO^  + 0H .oo*«,o C138]
Both mechanisms (a) and (b) give the  r a te  as
Rate = kCS^Og^-DCNO^"] ...........  [145]
where k can e i t h e r  be k^^^ o r  k^^^ re s p e c tiv e ly  and t h i s  equation  i s  s im ila r  
to  th e  second term  on th e  r i g h t  hand s id e  o f  eq u a tio n  [ 135J,
(3) k^ p a th :
T h is  p a th  p ro b ab ly  in v o lv es  the  c a tio n  and the  two re a c tin g  an ions o r
sp e c ie s  d e riv e d  from them in  the  r a te  de term in ing  s te p . The f i r s t  s tep  would be
f o r  th e  c a t io n  and p e ro x o d isu lp h a te , (which i s  a  d iv a le n t n eg ative  ion  in  
c o n tr a s t  to  th e  m onovalent n i t r i t e ) , to  form an io n -p a ir  and t h i s  i s  
n a tu r a l ly  a  f a s t  e q u ilib r iu m .
S^ Og^ " + MS^ Og” ..........  [ 146]
The io n - p a i r  could  w e ll r e a c t  w ith  n i t r i t e  much f a s t e r  than  the n o n -ion -paired  
p e ro x o d isu lp h a te  io n  -• because o f  the  reduced charge and hence the reduced 
r e p u ls io n  (and see below) -  and th e  r e s u l t in g  a c tiv a te d  complex breaks down 
in to  NO and MSO^'
MS Og" + NO " — »  [SgOgMNOg]^' >  NO^ '^  + SOj^^" + MSO^ '^ slow
follow ed by
+ OH" — ^  NO " + f a s t  [ l 4 l ]2 3
o r one o f  th e  o th e r  a l t e r n a t iv e s  g iven  b e fo re .
bu t
R ate = kCMSgOg^DCNOg"]
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T here fo re
CMS^Og-] = KeCM+JCSgOg^-]   [150]
and hence [MS^Og j  i s  l i n e a r ly  r e la te d  to  Cm'*’] a t  co n stan t CS^Og^"]. 
S u b s t i tu t in g  [150] in  [ 148] g ives
R ate = kKe[M"^][SgOg^ ][N0^"]   [ 151]
and p ro v id ed  Ke i s  n o t l a r g e ,  no t much p ero x o d isu lphate  i s  p re s e n t  in  io n - 
p a ire d  form, eq u a tio n  [ 1513 i s  s im ila r  to  the  th i r d  term on the  r i g h t  hand 
s id e  o f  e q u a tio n  [1353 when i s  s e t  equal to  kKe.
= kKe   [1523
The maximum value o f  Ke which could le a d  to  th i s  s i tu a t io n  would 
be ab o u t 1 (se e  below ).
Under th e  experim en ta l co n d itio n s  o f  the  k in e t ic  runs th e  p a th
i s  th e  more dom inant and th e  c a ta ly t ic  e f f e c t  o f  the  c a tio n  may be due to  
two re a so n s :
(a ) The p resen ce  o f  the  c a tio n  a s  p a r t  o f  the  a c t iv a te d  complex 
red u ces  th e  Goulombic fo rce  o f  re p u ls io n  between ttie  two an ions 
and th e re fo re  enhances the  r a te  o f  re a c tio n .
(b) The io n - p a i r  which i s  formed between the  c a tio n  (M^) and
p e ro x o d isu lp h a te  io n  can be rep resen ted  a s  fo llow s 
06+ 06+
9 II
O ^ S  — 0 - * " 0  — 8 = ^ 0  
6+ 6+
1-26 1-26
-0  M+
The p re sen ce  o f  causes p o la r iz a t io n  o f  th e  peroxod isu lphate  io n
c re a tin g  a  c o n c e n tra tio n  o f  n eg a tiv e  charge towards the  cen tre  o f  th e  ion  
and a  d e p le t io n  o f  n eg a tiv e  charge towards the  o u ts id e  making th e  o u te r  
p a r t s  p a r t i a l l y  p o s i t i v e .  T his i^stem , ‘überefo re , becomes a  b e t t e r  e le c tro n
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(45)a cc e p to r th an  th e  u n a sso c ia te d  p e ro x o d isu lp h a te  io n  , The t r a n s f e r  o f  
e le c tro n s  from n i t r i t e  to  p e ro x o d isu lp h a te  i s  th u s  enhanced by io n -p a ir in g ,  
r e s u l t in g  in  th e  r e l a t i v e ly  low a c t iv a t io n  energy . Because o f  th e  s t r u c tu r e  
o f p e ro x o d isu lp h a te  io n  c a tio n s  o f  sm a lle r  s iz e  a re  expected  to  cause more 
p o la r iz a t io n  th an  those  o f  l a r g e r  s iz e .  A l th o u ^  th e re  i s  no d i r e c t  way 
o f m easuring th e  r a d i i  o f  h y d ra ted  io n s , c o n d u c tiv ity  measurements 
and o th e r  methods in d ic a te  th a t  th e  r a d i i  o f  h y d ra ted  c a tio n s  in c re a se
in  th e  o rd e r  Cs^ < < Na"^  < L i^ , T herefo re  Cs^ i s  th e  s m a lle s t  o f  the
+ + th re e  c a tio n s  s tu d ie d  in  th i s  work w hile  Na i s  th e  l a r g e s t .  Hence Cs
causes more p o la r iz a t io n  o f  p e ro x o d isu lp h a te  io n  than  does and t h i s  in
tu rn  causes more th an  Na"*”, A ll t h i s  e x p la in s  why th e  c a ta ly t i c  e f f e c t  o f
the th re e  c a tio n s  d e c rea se s  in  th e  o rd e r  Cs^ > K^>Na"^,
The s t a b i l i t y  o f  th e  io n - p a i r  M8^0g i s  a lso  r e la te d  to  th e  s iz e  o f
Small c a tio n s  a re  expected  to  fona more s ta b le  io n - p a ir s  th an  la rg e
c a tio n s  and th e re fo re  th e  s t a b i l i t y  o f  io n -p a ir s  formed by th e  th re e  c a tio n s
should d ecrease  in  th e  o rd e r  Cs^ > > Na^ and hence the  value  o f  Ke
(eq u a tio n  C1513) i s  expected  to  d ecrease  in  the  same o rd e r  and so i s  th e  value
O fkj^.
(67)The known Ke v a lu e s  f o r  NaSO^ , KSO^  ^ and th e  co rrespond ing  
th io s u lp h a te s  a re  ( i )  c o r re c t ly  in  o rd e r  to  be c o n s is te n t  w ith  k in e t i c  
e f f e c t  K^ > Na^, ( i i )  o f  the  o rd e r  o f  u n ity  a t  the  io n ic  s t r e n g th s  used 
h ere , th u s  s a t i s f y i n g  th e  c o n d itio n  n ecessa ry  f o r  th e  v a l id i t y  o f  e q u a tio n  [151], 
T h e re fo re  e q u a tio n  [ 152] le a d s  to  th e  same conclusion  th a t  th e  
c a ta ly t ic  e f f e c t  o f  th e  c a tio n s  should  d ecrease  in  the  o rd e r  Cs >K > Na 
as was found e x p e r im e n ta lly .
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C H A P T E R  I V
T H E  O X I D A T I O N  O F  C H R O M I Ü  M (III)
CHAPTER IV 203.
I N T R O D U C T I O N
The s i l v e r ( I )  c a ta ly z ed  o x id a tio n  o f  chrom ium (III) -  in  th e  form o f  
chrome alum -  by p e ro x o d isu lp h a te  was s tu d ie d  by Yost (see  C hapter I ) .  
F rennesson  and Fronaeus^^^^ s tu d ie d  th e  r e a c t io n  in  th e  absence o f  s i l v e r ( I )  
u s in g  chromium ( i l l )  p e rc h lo ra te ,  in  an a c id  p e rc h lo ra te  medium in  th e  pH 
range 0 .5  -  3 a t  6o°C. These a u th o rs  fo irou la ted  th e  fo llo w in g  r a t e  law 
f o r  th e  r e a c t io n
dCCrCvDj = .  [CrdllJCS-Oo^"]
-------------  P  2-Ü.......   [ 153]
d t  1 + Y [C rC llD J
in  which P and y  a re  c o n s ta n ts . T h is eq u a tio n  however i s  s im i la r  to  
e q u a tio n  [ 24] which was proposed by F ronaeus and Osianan f o r  th e  cerium ( I I I ) -  
p e ro x o d isu lp h a te  r e a c t io n .  The in te g r a t io n  o f  e q u a tio n  [ 153] g iv e s  [ 154]
C c r ( i i i ) : ^  [S^Og^-] -  CS^Ogk-]^
  [ 154]
w h id i may be s im p lif ie d  in to  [155]
A = p -  Y B   [155]
By c a lc u la t in g  th e  q u a n t i t ie s  A and B f o r  d i f f e r e n t  v a lu e s  o f  tim e , t ,  
and p l o t t i n g  A a g a in s t  B the  a u th o rs  o b ta in e d  an approx im ate ly  s t r a i g h t  l i n e  
p a s s in g  roughly  th rough  p o in ts  c a lc u la te d  f o r  a l l  t h e i r  s e r i e s  o f  measurements, 
The a u th o rs  proposed th e  fo llo w in g  mechanism f o r  th e  r e a c t io n  in  which 
th e  r a d ic a l s  formed in  th e  u n ca ta ly zed  d eco n p o s itio n  o f  p e ro x o d isu lp h a te  a rc  
e f f e c t iv e  in  th e  r a t e  d e te rm in in g  s te p
S^Og^” + H^O = HSO^" + OH + SO^”.............................. ............  [ 23]
OH ---- >  P ro d u c ts  . . . . . .  [156]
SO^" + C r( II I )  —^  S0 ^^~ + Cr(IV) . . . . . .  [157]
OH + C r ( I I I )  ------>  0H“ + Or (IV)   [158]
HSgOg” + HgO  H  ^ + HSO^" + HSO ■ . . . . . .  [159]
a* + HSO ■ + Cr(IV) ----- >  SO^^" + Cr(VI) + B^O ............  [ l6 o ]
HSOg" --------- >  HSOj "^ + ^O g    [161]
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S tep s  [157] and C158] a re  p o s tu la te d  to  be slow er th an  [160] in  
o rd e r  to  e x p la in  th e  l im ite d  dependence o f  r a t e  o f  o x id a tio n  on pH. However, 
r e a c t io n s  C16O] and C161] a re  n o t n e c e s s a r i ly  s in g le  s te p s .
In  th e  p re s e n t  work ( and t h i s  was th e  f i r s t  r e a c t io n  a ttem p ted ) 
some o f  th e  work o f  th e se  a u th o rs  was re p e a te d  to  see i f  t h e i r  r e s u l t s  could 
be reproduced  and to  f in d  o u t what o th e r  sp e c ie s  in v o lv in g  chrom ium (III) 
could be s tu d ie d .
THE OXIDATION OF GHRCMUJMdll) PERCHLORATE 
E xperim ental and R e su lts
Chem icals
A ll  chem icals -  u n le ss  o th e rw ise  s ta t e d  -  were A n a lar G rade.
P re p a ra tio n  o f  S o lu tio n s
(1) Chromium ( I I I )  P e rc h lo ra te ; T h is s a l t  was p re p a red  by th e  method o f  
Altman and K ing^^^^. Chromium t r io x id e  and form ic a c id  were a llow ed
to  r e a c t  in  th e  p re sen ce  o f  cone, p e rc h lo r ic  a c id .  The p ro d u c t which 
c r y s ta l l i s e d  from th e  re a c tio n  m ix tu re  was washed w ith  cone, p e r c h lo r ic  a c id  
and r e c r y z t a l l i z e d  tw ice from 0 .5  mole/ 1  aqueous p e rc h lo r ic  a c id .  I t  was th en  
d r ie d  under vacuum and k e p t in  a  d e s ic c a to r  because th e  conpound i s  d e l i q u e s c e  a t  
A c a lc u la te d  amount o f  th e  s o l id  was d is so lv e d  in  an a p p ro p r ia te  volume
o f  d i s t i l l e d  w a te r  to  p re p a re  a  s to ck  s o lu t io n  o f  chromium ( H I )  p e r c h lo r a te .
The e x a c t c o n c e n tra tio n  o f  chromium ( I I I )  was determ ined  by o x id iz in g  a  
m easured volume o f  th e  s to c k  s o lu t io n  w ith  po tassium  p e ro x o d isu lp h a te  in  th e  
p re sen ce  o f  s i l v e r  su lp h a te  a s  a  c a ih ly s t  a t  60°C in  an a c id ic  medium and 
d e te rm in in g  th e  c o n c e n tra tio n  o f  chromium(VI) s p e c tro p h o to m e tr ic a l ly ^ ^ ^ \
(2) Cerium(IV) Su lphate  S o lu tio n ; T h is  was p re p a red  from e e r ie  ammonium 
n i t r a t e . Cerium(IV) hydroxide was p r e c ip i t a t e d  from a  s o lu t io n  o f  th e  
re a g e n t grade s a l t  by th e  a d d it io n  o f  a  s l i ^ t  excess o f  ammonia s o lu t io n .
The washed p r e c i p i t a t e  was d is so lv e d  in  d i lu t e  s u lp h u r ic  a c id  and made up to  
th e  re q u ire d  volume. I t  was s ta n d a rd iz e d  u s in g  sodium o x a la te  and fe r ro u s  
s u lp h a te .  A co n ce n tra te d  s o lu t io n  was observed  to  form a  p r e c ip i t a t e  on
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s ta n d in g  f o r  a  few d ay s. However, d i lu te  a c id i f ie d  s o lu t io n s  were unchanged 
in  appearance and c o n c e n tra tio n  f o r  s e v e ra l  m onths.
(5) I r o n ( I I )  Su lphate  S o lu t io n : T h is s o lu t io n  was s tan d a rd iz e d
s im u ltan eo u s ly  w ith  e e r ie  su lp h a te  s o lu t io n .  I t  was re s ta n d a rd iz e d  b e fo re  
each k in e t i c  run  o r  ru n s  because i t s  c o n c e n tra tio n  ten d s  to  d ecrease  d a ily  
by abou t 0 . 4^  due to  a tm ospheric  o x id a tio n .
A n a ly tic a l  Method and R e su lts
For each  k in e t i c  run  two s o lu t io n s ,  A and B were p re p a re d . A con tained  
0 .720 mole/ 1  p e rc h lo r ic  a c id  and was p re p a red  by app rox im ate ly  d i lu t in g  a  
m ix tu re  o f  measured volumes o f  th e  s to ck  s o lu t io n  o f  chrom ium (III) p e rc h lo ra te  
and p e rc h lo r ic  a c id  ( 12.00  m ole/1 ) . S o lu tio n  B con ta ined  a c c u ra te ly  weighed 
amounts o f  ammonium p e ro x o d isu lp h a te  and sodium p e rc h lo ra te .  The p e rc h lo ra te  
c o n c e n tra tio n  was 1.000  m ole/1 .
S o lu tio n  B was u s u a lly  p rep a red  f r e s h  every  day and was n ev er used
more th an  48 hou rs  a f t e r  p re p a ra t io n .
The two s o lu t io n s  were th e rm o s ta tte d  s e p a ra te ly  a t  60°C fo r  30 m in u te s .
The r e a c t io n  was s t a r t e d  by m ixing 25 ml o f  A and 25 ml o f  B in  a  100 ml
round bottom ed Q u ic k - f i t  f l a s k .  Zero tim e was tak en  a s  th e  tim e when th e
p ip e t t e  d e l iv e r in g  th e  second r e a c ta n t  (B) was h a l f  en p ty .
5 ml sam ples were w ithdraw n a t  a p p ro p r ia te  i n te r v a l s ,  added to  ic e  co ld
w a te r  to  quench th e  r e a c t io n  and an a ly sed  fo r  chrcmitga(VI) o r  p e ro x o d isu lp h a te .
Chromium (VI) was determ ined  s p e c tro p h o to m e tr ic a lly , w h ile  p e ro x o d isu lp h a te
was e s tim a te d  by c e r im e tr ic  t i t r a t i o n .
Haupt e t .  a l.^ ^ ^ ^  r e p o r t  t h a t  a c id ic  s o lu tio n s ' which a re  l e s s  th a n
4 X 10 ^ mole/ 1  i n  chromium(VI) obey B e e r 's  Law between 230 and 350 nm
in d ic a t in g  no in te r f e r e n c e  from th e  condensa tion  d im e riz a tio n  o f  HCrO^ to
Cr_0_^ . Altman and King^^^^ a lso  analyzed  f o r  chromium(Vl) in  a c id ic  2 /
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medium a t  351 nm where th e  m olar absorbancy in d ic e s  f o r  chrom ium (III) and
chromium (VI) a re  2-3  and 1600 r e s p e c t iv e ly  and where th e  e x t in c t io n
- r  2-c c e f f i c ie n t s  o f  HCrO^  ^ and a re  s im i la r  in  m agnitude. T h is  i s
supported  by the  known e q u ilib r iu m  c o n s ta n ts  and e x t in c t io n  c o e f f ic ie n ts  
fo r  th e  a c id  chrom ate/d ichrom ate system ^^^^. Thus w ith  an e q u ilib riu m
co n sta n t K = [HCrO^  ^ D^/CCr^O^^ ] = O.O3, Gr^O^^ i s  w e ll ov er 99^  hyd ro lysed
-4  ^
to  HCrOj  ^ a t  3 X 10 m o le /1 .
F ig u re  91 shows th a t  a  s o lu t io n  o f  po tassium  dichrom ate which i s  
approx im ate ly  2 x 10 ^ m ole/1 and which i s  a lso  abou t 8 .05  m ole/1 in  NaŒLO^  ^
and o f  pH abou t 2 h as  a  maximum absorbancy a t  350 nm. Moreover F ig s .  92 -96 
in  which th e  absorbance o f  s o lu t io n s  o f  po tassium  dichrom ate o f  io n ic  s t r e n g th  
and pH s im ila r  to  th o se  o f  k in e t i c  ru n s  a re  p lo t te d  a g a in s t  th e  r e s p e c tiv e  
c o n c e n tra tio n s  confirm  th a t  such s o lu t io n s  obey B e e r 's  Law. These p lo t s  
do n o t p a s s  e x a c tly  th rough th e  o r ig in  because th e  re fe re n c e  c e l l  c o n ta in s  
d i s t i l l e d  w a te r , w hereas the  m easured beam p a sse s  t h r o u ^  a  s o lu t io n  contain-’•
Or(VI) and f a i r l y  h ig h  c o n c e n tra tio n s  o f  d is so lv e d  s a l t s .  The same m easuring 
system  was used  f o r  c a l ib r a t io n  and k in e t i c  p u rp o se s .
F or th e  d e te rm in a tio n  o f  chromium(VI), th e  quenched sample was d i lu te d  
to  25 ml (o r  some o th e r  known volum e), th e rm o s ta tte d  a t  25°G, i t s  absorbance 
a t  350 nm m easured u s in g  a  Uni cam SP.5OO sp ec tro p h o to m ete r, and th e  chromium(VI) 
c o n c e n tra tio n  read  from th e  c a l ib r a t io n  g rap h s .
F o r th e  d e te rm in a tio n  o f  th e  c o n c e n tra tio n  o f  p e ro x o d isu lp h a te , p u r i f i e d  
n itro g e n  gas was bubbled th rough  th e  quenched san p le  f o r  10 m inu tes to  d r iv e  
o u t d is so lv e d  oxygen, A measured volume o f  s ta n d a rd  i r o n ( I l )  su lp h a te  was 
added. Chromium(VI) was reduced q u id c ly , judged by th e  immediate disappa^rûjiôc. 
o f  i t s  c o lo u r . A f te r  abou t 20 m inu tes more d i lu t e  H^SO^ was added and th e  
excess i r o n ( I I )  was t i t r a t e d  a g a in s t  s ta n d a rd  cerium(IV) su lp h a te  to  a  f e r r o in  
end p o in t  u s in g  a  10 ml sem i-m icro b u r e t t e .  In  t h i s  way th e  c o n c e n tra tio n  
o f th e  t o t a l  o x id a n t was c a lc u la te d  and knowing th e  c o n c e n tra tio n  o f
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chromiuin(VI), from a  p lo t  o f  i t s  c o n c e n tra tio n  v e rsu s  tim e , th e  c o n c e n tra tio n  
o f  p e ro x o d isu lp h a te  in  th e  san g le  was c a lc u la te d .
The i n i t i a l  r a t e s  o f  fo rm ation  o f  chromium(VI) and th e  d isap p earan ce  
o f  p e ro x o d isu lp h a te  were determ ined from a p lo t  o f  th e  c o n c e n tra tio n  o f  th e  
r  e l e c t i v e  io n  a g a in s t  tim e a f t e r  a llo w in g  f o r  any in d u c tio n  p e r io d .
T ab les  104-112 and th e  co rrespond ing  p lo t s  (F ig s . 97- 102) show th e  
r e s u l t s  o f  some ru n s  made a t  a  co n s ta n t pH. A p l o t  o f  i n i t i a l  r a t e  o f  
appearance o f  chromium(VI) v e rsu s  i n i t i a l  p e ro x o d isu lp h a te  c o n c e n tra tio n  
(F ig .10^  shows th a t  a t  a  c o n s ta n t i n i t i a l  ch iem ium (III) c o n c e n tra tio n  o f
4.000 X 10 ^ m o le ^  th e  r e a c t io n  i s  f i r s t  o rd e r  in  p e ro x o d isu lp h a te  w ith  a
-L —4
f i r s t  o rd e r  r a t e  c o n s ta n t o f  2 .75  x 10 min . T his va lue  i s  d o s e  to  th e  
/* —4 -1v a lue  o f  2 .61 x 10 min which i s  th e  v a lu e  o f  th e  f i r s t  o rd e r  r a t e  c o n s ta n t
fo r  th e  u n c a ta ly z ed  ( i . e .  H*** independen t) decom position  o f  p e ro x o d isu lp h a te
a t  6o°C re p o r te d  elsew here  in  t h i s  work. T here fo re  i t  lo o k s p o s s ib le  t h a t  th e
re a c t io n  under th e se  c o n d itio n s  h as i t s  r a t e  d e te rm in in g  s te p  in  th e  un ca ta ly z ed
d e co n ^ o s itio n  o f  p e ro x o d isu lp h a te . The p lo t  o f  logCS^Og^ ] v e rsu s  tim e g iv e s
-5  -1an o v e r a l l  observed  f i r s t  o rd e r  r a t e  c o n s ta n t o f  th e  o rd e r  o f  10 min , 
depending on th e  i n i t i a l  c o n c e n tra tio n  o f  p e ro x o d isu lp h a te . T h is  c o n s ta n t i s  
d e fin ed  by e q u a tio n  Cl8] o f  K o lth o ff  and M ille r
^obfi s  k^ + kg[H^ ] ...... .. [ l8 ]
In  T able 115 th e  c a lc u la te d  v a lu es  o f  A and B o f  e q u a tio n  [ 155]  a t  
d i f f e r e n t  t  v a lu e s  (T ab le  1l 4 ) a re  re p o r te d  and in  F ig . 104 A i s  p lo t te d  again  
B f o r  two r e p r e s e n ta t iv e  ru n s . A lo o k  a t  t h i s  p l o t  and th e  Table 115 shows 
th a t  th e  r a t e  law  g iven  by e q u a tio n  [155] i s  obeyed above t  v a lu es  o f  
100 m in u te s . M oreover th e  two p lo t s  a re  a lm ost p a r a l l e l  to  each o th e r  
r a th e r  th a n  a  c o n tin u a tio n  o f  one a n o th e r  a s  was suggested  by F rennesson  and 
Fng^naeus.
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The fo llo w in g  exp erim en ta l c o n d itio n s  app ly  f o r  T ab les 105- 115.
A ll c o n c e n tra tio n s  in  u n i t s  o f  m ole/L .
[H dO ^] = 0 .560
[NaClO^] = 0 .500
Tem perature = 60 . 0°C
Table IO5
[C r( I I I )} ^ =  4.000  X  1 0 " 3
-2
=
5.000 X 10
5 ml sample d i lu te d  to  50 ml fo r  
i^ e c tro p h o to m e tr ie  m easurem ents.
Time
(min)
Absorbance lO^CCr(Vl)]
60 0.029 0 .26
120 0 .069 0 .77
180 0.106 1.24
240 0 .136 1 .62
500 0,151 1.81
560 0 .168 2 .0 3
420 0.181 2 .19
480 0 .195 2 .54
Table 105
C C r(III)]^ = 4 .000  X 10“ ^
Cs-o = 4 .000  X 10“ ^
5 ml sample d ilu te d  to  50 ml.
Time
(min)
Absorbance 10^[C r(V l3
60 0 .052 0 .5 4
120 0 .106 1 .23
180 0 .148 1.77
240 0 .175 2 .1 2
300 0.201 2 .45
560 0 .224 2.75
420 0 .230 2 .8 3
480 0.239 2 .9 4
540 0.251 3 .10
Table 104
[ C r d l l ) ] ^  = 4.000  X  10”^
[SgOgZ-Jo = 2.000  X  10"^
5 ml sang le d i lu te d  to  50
Time Absorbance 10^[C r(V I)]
(min)
60 0 .023 0 ,19
120 0 .036 0 .35
180 0.054 0 .5 8
240 0.062 0 .68
300 0.070 0 .7 8
360 0,074 0 .8 3
420 0.084 0 .96
480 0 .084 0 .96
450 0.091 1.05
Table 106
C C r(II I)]^ = 4 .000  X 10”
= 0 .5000 X  10
Time Absorbance 10^[C r(V I]
(min)
120 0.029 0 ,1 3
180 o .o4o 0 .2 0
240 0.044 0 .2 3 .
300 0 .054 0 .29
360 0.059 0.325
420 0.066 0,365
48o 0.068 0.385
540 0 .072 0.405
Table 107 
[ C r d l l ) ] ^  = 4 .000  X 10“^
[S^Og^-J^ = 1.000 X 10"2
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Table 108
[Cr(III)1o= 4.000 % 10"5 
[S^Og^": = 7 .500  X 10"2
5 ml sample d i lu te d  to  50 ml
Time
(min)
Absorbance 10^ [C r(V l)]
60 0.029 0 .1 3
120 0 .0 5 5 0 .3 0
180 0 .082 0.465
240 0 .092 0 .5 4
300 0 .113 0.665
360 0.126 0.745
420 0.135 0.805
480 0.150 0 .9 0
Time
(min)
Absorbance 10^[C r(V I)]
10 0.020 0.110
20 0.047 0.465
30 0 .052 0.535
40 0 .073 0 .810
50 0 .093 1.01
60 0.107 1.26
70 0.122 1.46
80 0.137 1.67
90 0.152 1.84
Table 109 
[ C r ( H I ) ^ ,  = 4.000  X  10
CS^Og^"] g = 10.00 X 10
-3
-2
5 ml sample d i lu te d  to  50 ml
Time
(min)
Abeorbance 10% C r(V I)] i
10 0.019 0 .1 9
20 0.042 0 .46
30 0 .069 0 .7 6
4 i 0 .090 1.04
50 0.107 1.24
60 0 .123 1 .43
70 0 . l 4 l . 1.64
80 0.157 1.84
90 0.170 2 .00
[C r (II l)]o =  4.000% 10"^
CS^Os^'lo = 2 .000 X 10"^
C F e(II)]  = 0.07800 (10 ml)
[C e (l \03  = 0.07597
216,
Table 110
Time
(min)
Absorbance lO^CCr(VI)] T i t r e
(ml)
lo^Cs^Og^"] 2 + logCS^Og^ ]
30 0.035 0 .17 _
60 - 0 .3 3 7 .8 4 1.795 0.2541
90 0.085 0.485 - - -
120 - 0.61 7 .8 8 1.722 0.236
180 - 0.875 8.045 1.556 0.1920
330 — 1,40 8.385 1.210 0.0828
360 0.244 1.50 — — —
Table 111
C C r d ll) ]^  = 4.000  X 10’ ^
CSgOg^ ] q = 3.000 X  10"^
[ T e ( lD ]  = 0.07825 (5 ml)
[C e(IV )] = 0.04219
Time Absorbance 10^[C r(V ]^] T i t r e 10^[S „0o^ '] 2 + lo g [S  o / ‘ ]
(min) (ml) 2 0 2 0
30 0.027 0.15 — - -
60 - 0 .46 2 .8 2 2 .654 0.4239
90 0 .076 0 .84 - - -
120 - 1.02 3 .22 2.400 0.3802
150 0.105 1.22 - - -
240 - 1.72 - — -
270 0 .154 1.85 - - • —
300 - 2 .00 4.51 1.710 0.2330
360 0 .185 2 .24
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Table 113
C C r(II I)]  = 4.000  X 10"3o
218,
lo^Cs^Og^"] s * . ,10 R m o le /l/m in 3 -110 k , min obs
0 .500 0.875
1.000 2.79
2.000 3-25
3.000 8 .00
4.000 10.99
7-500 22.10
10.000 27.60
2 .000 5.43 1.68
3.000 8. 4o 1.86
4.000 10.93 2.06
R = i n i t i a l  r a t e  o f  Cr(V l) fo rm ation  
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Table 115
Ref
(T able)
Time
(rain)
10^ B (min ^) 10^ A (1/m ole/rain)
110 40 5 .70 9 .34
60 3.68 9 .6 4
100 3.77 10.15
150 3.71 10.33
200 3.67 10.60
300 3.33 11,13
360 3 .40 11.23
111 40 2.71 7 .1 3
60 2.89 7 .92
100 3 .13 9 .22
150 3.07 9 .72
200 2 .92 9 .96
300 2 .72 10.7
360 2 .6 3 11.30
Hydrogen io n  e f f e c t
In  th e  fo llo w in g  s e t  o f  runs th e  e f f e c t  o f  v a ry in g  th e  c o n c e n tra tio n  
o f  hydrogen io n  on th e  r a te  o f  th e  r e a c t io n  was s tu d ie d . The hydrogen io n  
c o n c e n tra tio n  was v a r ie d  by adding  c a lc u la te d  amounts o f  s tan d a rd  p e rc h lo r ic  
a c id .  At low c o n c e n tra tio n s  o f  acid (low er th an  0.01  m o le /l)  th e  pH o f  the  
s o lu t io n  was m easured by a  Dynakap pH m ete r. T ab les  I I 6 - I I 9  aid F ig s . 105-107 
g ive  th e  r e s u l t s  o f  th e se  ru n s . In  F ig . I08 the  i n i t i a l  r a t e s  o f  d isappearance  
o f  p e ro x o d isu lp h a te  and th e  appearance o f  chromium(VI) a re  p lo t te d  a g a in s t  
hydrogen io n  c o n c e n tra tio n .
I t  can be seen  from F ig . 108 th a t  th e  fo rm ation  o f  chromium(VI) shows 
ve ry  l i t t l e  dependence on hydrogen io n  c o n c e n tra tio n . I t  in c re a s e s  r a th e r  
slow ly  t i l l  i t  re ach es  a  maximum a t  about [H^] = O.O6 m o le /l above which th e re  
seems to  be a  s l i ^ t  n e g a tiv e  e f f e c t .  However, th e  r a t e  o f  decom position  o f  
p e ro x o d isu lp h a te  in c re a s e s  a lm ost l i n e a r l y  to  about [H^] = 0 . 1  m o le /l and 
d e v ia te s  from l i n e a r i t y  a t  h ig h e r  hydrogen io n  c o n c e n tra tio n  o r  i t  may be 
t h a t  kg assumes a  low er va lu e  when th e  o x id a tio n  o f  C r ( I I l )  becomes independent 
o f  H^ c o n c e n tra tio n  and th u s  th e  curve may be seen  a s  two s t r a i ^ t  l i n e s .
221.
The in te r c e p t s  a t  zero hydrogen io n  c o n c e n tra tio n  g ive th e  v a lu es  
o f  0 .860  X 10 ^ m o le /)/m in  and 0 .720 x 10 ^ m o le /l/m in  fo r  th e  r a t e s  o f  
d isap p earan ce  o f  p e ro x o d isu lp h a te  and appearance o f  chromium(VI) r e s p e c t iv e ly .  
D iv id in g  6 .860 x 10 ^ m o le /l/m in  by th e  i n i t i a l  c o n c e n tra tio n  o f  p e ro x o d isu lp h a te  
(3 .000  X 10 ^ m o le /l)  g iv es  the  f i r s t  o rd e r  r a t e  c o n sta n t fo r  th e  redox 
r e a c t io n  a t  zero  hydrogen io n  c o n ce n tra tio n  a s  2 .87  x 10 min compared 
to  the  va lue  o f  (2 .3  ~ 0 . 2 ) x 10 ^ min  ^ re p o r te d  by Frennesson and F ronaeus.
The p re s e n t  k v a lu e , however, conforms to  th e  g e n e ra l t re n d s  o f  p e ro x o d isu lp h a te  
r e a c t io n s  in  t h a t  i t  i s  h ig h e r  than  th e  k^ va lue  f o r  th e  therm al d e co n p o s itio n  
o f  th e  io n , w hereas th e  value  o b ta in ed  by Frennesson  and Fronaeus i s  lo w er.
The fo llo w in g  ex p erim en ta l c o n d itio n s  app ly  fo r  T ab les 116- 119» a l l  
c o n c e n tra tio n s  b e in g  in  u n i t s  o f  m o le /l .
= 3 .000 X io~2
C C r(I I l) ]  = 4.000  X 10”^ o
[NaClO^^] = 0.500
Tem perature = 60 . 0°C
Table I I6
CHdO^] = 0,1000
C F e(II)]  = 0.07706 
[C e(IV )] = 0.04219
Time
(min)
Absorbance lO^CCr(Vl)] T i t r e
(ml)
lo^Cs^Og^"] 2 + logCSgOg^"]
30 0.0275 0 .2 4 — _
60 - 0 .60 2 .39 2.753 0.4398
90 0.0815 0 .9 2 - - -
120 - 1.18 2 .52 2.613 0.4171
180 0.152 1.82 - - -
240 - 2 .36 2,925 2.265 0.3551
270 0,215 2 .62 - - -
300 - 2.95 3 .12 2.094 0.3209
330 0 .263 3.22
CHClOj^] = 
C F e ( l l ) ]  = 
[C e(IV )] =
0.0500
0.07706
0.04219
T ab le  117 222.
, Time 
(m in)
A bsorbance lO ^C C r(V l)] T i t r e
(ml)
lO^CS^Og^"] 2 * logCSgOg^"]
30 0.0223 0.18 _ — —
60 - 0.52 2.23 2.834 0.4524
90 0.0713 0.80 - - -
120 - 1.06 2.32 2.713 0,4338
, 180 0.137 1.64 - - -
240 - 2.10 2.57 2.454 0.3899
270 0.195 2.36 - - -
300 - 2.60 2.625 2.355 0.3720
330 0.230 2.82
■
Table 118
CHCOtD^ ]
C F e(II)]
[C e(IV )]
0.220
0.07673
0.04219
Time
(min)
Absorbance 10^[C r(V I)] T i t r e
(ml)
10^ [ 8g0g^'"]2 + logCS^Og^"]
30 0 .024 0 .20 _ - -
60 - 0 .50 11.45* 2.767 0.4420
91 0.074 0 .8 4 - - -
120 - 1.13 2.71 2.523 0.4019
150 0.121 1.43 - - -
180 - 1.68 2 ,94 2.344 0.3699
240 0.177 2 .14  , - - -
270 - 2 .36 3.48 2.014 0 . 304o
300 0.210 2 .5 6
♦ 10 ml FeClDSO^
Table 119
CHCLO|^ ] = 0 .0022 
[ F e ( I I ) ]  = 0.07673 
[C e(IV )]=  0.04219
Time
(min)
Absorbance lO^CCr(Vl)] T i t r e
(ml)
lO^CSgOg^'] 2 + logCS^Og^” ]
30 0.018 0 .1 2 — - -
60 - 0 .34 2.17 2.869 0.5478
90 0 .052 0 .56 ■ — — —
120 - 0.67 11. 4» 2 .763 0 . 44 l 4
180 0.087 1.00 - - -
240 - 1.35 2 .20 2.704 0.4320
270 0.135 1.61 - - -
360 - 1.706 2.31 2.606 0 . 4 l 6o
365 0 .143 1.71
,
10 ml F e(Il)S 0^
223.
Table 120
Hydrogen Ion E ffe c t
10  ^ R 5 ’icr R
0.0022 0.732 0.910
0.0300 1.088 1.970
0.1000 1.092 2.900
0.220 l .o 4o 3.380
0.360 9.680 4.260
R = i n i t i a l  r a t e  o f  fo rm ation  o f  chromium(VI) in  m o le /l/m in .
I
R V i n i t i a l  r a t e  o f  d isap p earan ce  o f  p e ro x o d isu lp h a te  in  m ole /l/m in .
THE OXIDATION OF CHROMIOM(III) SULPHATE
In  th e  fo llo w in g  s e t  o f  ru n s  th e  o x id a tio n  o f  chrom ium (III) -  in  the
form o f  chromic su lp h a te  -  by p e ro x o d isu lp h a te  i s  in v e s t ig a te d  and th e  re a c t io n
medium i s  changed to  s u lp h u r ic  a c id  -  sodium su lp h a te  in s te a d  o f  p e rc h lo r ic
a c id  -  sodium p e r c h lo r a te .  Under th e se  c o n d itio n s  p lu s  th e  r e l a t i v e l y  h i ^
te n p e ra tu re  ( 6o°C) a t  which th e  r e a c t io n  i s  s tu d ie d  th e  su lp h a te  io n  ten d s
to  e n te r  th e  in n e r  c o o rd in a tio n  sphere o f  chromium ( I I I )  to  form complexes
The aim o f  t h i s  s e t  o f  ru n s  i s  th e re fo re  to  see i f  complexed su lp h a te  has
2-
any e f f e c t  on th e  r a t e  o f  th e  redox r e a c t io n .  SO  ^ i s  .one o f  th e  few 
l ig a n d s  which can be used fo r  t h i s  pu ipose  in  t h i s  re a c t io n , most l ig a n d s  
them selves b e in g  s u s c e p tib le  to  th e  ex trem ely  s tro n g ly  o x id is in g  c o n d itio n s  
p r e v a i l in g  in a c id ic  p e ro x o d isu lp h a te  m ix tu re  a t  e le v a te d  te m p e ra tu res .
R eagent grade chromic su lp h a te  was weighed a c c u ra te ly  and d is so lv e d  
in  w a te r  c o n ta in in g  a  c a lc u la te d  volume o f  s ta n d a rd  su lp h u ric  a c id  to  make 
up a  s to c k  s o lu t io n .  The e x ac t c o n c e n tra tio n  o f  chrom ium (IH ) wsls determ ined 
s p e c tro p h o to m e tr ic a lly  a s  b e fo re .
224.
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The a n a ly t ic a l  method used to  fo llow  th e  re a c t io n  was th e  same a s  
t h a t  used  f o r  th e  chromium ( I I I )  p e rc h lo ra te *
R e su lts
Table 121 -  134 and th e  co rrespond ing  f ig u re s  g ive th e  r e s u l t s  o f  some 
ty p ic a l  runs* A p lo t  o f  i n i t i a l  r a t e s  o f  fo rm atio n  o f  chromium(VR) and 
d isap p earan ce  o f  p e ro x o d isu lp h a te  ( F ig .12?)a g a in s t  th e  i n i t i a l  c o n c e n tra tio n  
o f  p e ro x o d isu lp h a te  shows th a t  th e  r e a c t io n  i s  a g a in  f i r s t  o rd e r  in  
p e ro x o d isu lp h a te . However, i t  can be seen  from F ig s . 109-111 and 126 t h a t  
th e  o rd e r  w ith  re s p e c t  to  chrom ium (lH ) v a r ie s  between zero  and (p robab ly ) 
one; a  h i ^  r a t i o  o f  [^2^8^ ] /C C r ( I I I ) ]  making th e  r e a c t io n  independen t o f  
chromium ( i l l )  c o n c e n tra tio n .
A com parison o f  F ig s .  127 and IO3 shows th a t  th e  r a t e  o f  o x id a tio n  
o f  ch ro m iu m (m ) to  chromium(VT) i s  f a s t e r  in  a  su lp h a te  medium 
(s lo p e  = 3«5S X 10 ^ min ^) th an  i t  i s  in  a  p e rc h lo ra te  medium 
(s lo p e  2*75 X 10 ^ rain ^ ) .  Thus i t  seems t h a t  th e  p resen ce  o f  su lp h a te  -  
p ro b ab ly  in  th e  in n e r  c o o rd in a tio n  sphere  o f  Or ( I I I )  -  enhances th e  transfc:^  
o f  e le c t r o n s  from chromium ( I I I )  to  p e ro x o d isu lp h a te .
An a tte m p t to  ap p ly  th e  r a t e  law p o s tu la te d  by Prennesson  and Fronaeus- 
e q u a tio n  [ 134] -  f a i l e d  to  g ive any m eaningful p lo t  (T ab les 133- 134) p ro b ab ly  
in d ic a t in g  th a t  t h i s  r a te  law  does n o t h o ld  a t  l e a s t  i n  th e  case o f  chromic 
s u lp h a te .
The fo llo w in g  c o n d itio n s  app ly  to  a l l  ru n s  re p o r te d  i n  t h i s  s e c t io n .
A ll c o n c e n tra tio n s  a re  in  u n i t s  o f  m ole/1 . In  a l l  ru n s  3  nil s a u r ie s  were 
d i lu te d  to  50 ml (o r  any o th e r  s p e c if ie d  volume) f o r  sp ec tro p h o to m etr ic  
m easurem ents.
[Na^SO^]. = 0.1667 
[H^SO^] = 0 .250
Tem perature = 60 . 0°C
237.
Table 121 
[ C r ( I U ) ] o  =  4 . 0 0  X  1 0 “ ^
[ S ^ O g ^ ” ] o  =  0 . 3 0 0 0  X  1 0 " ^
C F e (ll) ]  = 0.03899
CCe(IV)] = 0.03890 
3 ml sample d i lu te d  to  23 ml fo r  sp ec tro p h o to m etr ic  m easurem ents
Time
(min)
Absorbance 1 0 \c r ( V l ) ] T i t r e
(ml)
lO^CSgOg^"]
30 0,013 0.063 — _
60 - 0.09 21.47* 4.835
90 0.017 0 .080 - -
130 - 0.223 - -
210 0 .033 0.315 - -
270 - 0.400 6 .63 4 .104
330 0 .078 0 .48 - -
390 - 0 .3 3 14.28 2 .643
400 0 ,088 0 ,3 4 —
13 ml F e (U )£ 0^
Table 122 
[ C r ( I I I ) %  =  4 . 0 0 0  X  10~ ^
- 2
C F e(II)] = 
CCe(IV)] =
0.05899
0.03890
5 ml sample d i lu te d  to  25 ml f o r  sp ec tro p h o to m etr ic  measurements
Time
(min)
Absorbance 10^[C r(V l)] T i t r e
(ml)
lO^CSgOg^'] JHogCSgOg^"]
30 0.021 0.103 — — -
60 - 0 .2 0 12.81* 8.859 .0.9473
90 0 .032 0.31 - — -
130 - 0 .30 5 .45 7 .544 0.8776
212 0 .106 0 .6 6 - - -
270 - 0 .8 7 5 .6 9 6.134 0.7878
330 0.167 1.03 - - -
390 — 1.66 5 .7 8 3.271 0.7219
400 0 .186 1.173
10 ml F e(II)S O ^
238.
CCr(III):j^
[ F e ( I I I ) ]
4.000 X 10
0.03882
Table 123
-3 [S ^O s^-]o  = 2.000  X  10"^
CCe(IV) ] = 0.03890
Time
(min)
Absorbance lO^CCr(Xl)] T i t r e
(ml)
lo^Cs^Og^"] 2 + logCSgOg^"]
30 0.017 0.160
60 - 0.443 2.87 1.758 0.2450
93 0.062 0.743 - - -
130 - 1.08 3.20 1.534 0.1858
210 0.118 1.47 - - -
270 - 1.83 3.62 1.258 0.0997
300 0.138 1o99 — —
3 3 - * -* 2.18 3.75 1.130 0.0626
360 0.183 2 .34 - —
Table 124 
C C r(III)?^  = 4.000  X 10"^ 
C F e (II I ) ]  = 0.03882
^^2°8^ ^ Q -
CCe(IV)] =
2.300 X  10
0.03890
-2
1
(min;
Absorbance lO^CCr(VI)] T i t r e
(ml)
lO^CSgOg^"] 2 + logCSgOg^"]
30 0 ,032 0 .36 - - -
60 - 0 .38 1.34 2.233 0.3533
90 0.071 0.863 - - -
150 — 1.39 1.86 2.009 0.3029
210 0 .148 1.86 - - -
270 - 2 .36 2.33 1.6o4 0.2032
300 0 .193 2 .44 - - -
330 - 2 .68 2 .76 1.463 0.1639
360 0.229 2 .90
Table 123
C C r(III)]o = 4.000  X 10"^ [SpOn 30 “ 3.000 X 10*^
C F e(II)] = 0.03848 [Ce(IV) 3 = 0.03890
10 ml F ed D S O ^ s o lu t io n  used fo r  SOg^ d e te rm in a tio n ,
Time Absorbance 10^[C r(V l)] T i t r e 10^[S _0j,^ '] 2 + lo g [ 8. 0n "^"3
(min) (ml) C 0 d  0
30 0 .038 0.433 - - -
60 - 0 .66 7.91 2 .672 0.4268
90 0 .080 0 .98 - - -
120 - 1.26 8 .22 2.471 0.3929
130 0.123 1.36 - - -
182 - 1.86 8 .38 2.231 0.3485
240 0.189 2 .40 - - -
300 - 2.90 9 .1 0 1.873 0.2725
320 0 .242 3.08
■
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Table 126
[ C r d l D l o  = 4 .000  X 10“^ 
[ F e d l D ]  = 0.05848
^^2^8^”^° = 4 .000  X  10”^ 
[C ed V )] = 0.03890
10 ml o f  Fe(II)SO ^ s o lu t io n  used fo r  S^Og^" d e te rm in a tio n
Time
(min) Absorbance 10^[C r(V I)]
T i t r e
(ml) lo^CSgOg^"] 2 + log[SpOg'^"']
30 0 , 04l 0 .47
60 - 0.92 5 .3 3 5 .637 0.5607
90 0.104 1 .3 — _ —
120 - 1.78 5 .7 4 3.348 0.5247
150 0 ,170 2 .4 - — —
180 - 2 .50 6 .2 2 3.053 0.4847
240 0 .243 3 .09 - — -
300 - 3.15 7.155 2 .592 0.4136
320 0.289 3.68 - - -
Table 12?
20 ml Fe(II)SO . s o lu t io n  used  f o r  8 _0o^ d e te rm in a tio n
[ C r d l l ) : ^  = 4 .000  X 10"^ 
[ F e d i ) ]  = 0.05800
%
[ S 2 0 g ^ ' ” l , =  7.500  X  1 0 " ^
[C ed V )] = 0.03890 
2 -
2"8
Time
(min) Absorbance 10^[C r(V l)]
T i t r e
(ml) lO^Cs^Og^"] 2 + logCSgOg^"]
30 0.065 0.78
60 — 1.54 12.02 6 .693 0.8256
90 0.188 2.38 — _ —
150 0.289 3 .68 - — _
180 - 3 .82 14.05 5.562 0.7453
210 0 .300 3 .8 3 - - -
240 - 3.86 15.24 5 .093 0.7070
270 - 3.88 15.88 4.841 0.6849
[C rd iD D o  = 4 ,000  X  10“^ 
[ F e ( I I ) ]  = 0.05800
Table 128
[SpOg^'lo = 10 .00  X  10"^
[C ed V )] = 0.03890
20 ml F e (11)80^ s o lu t io n  fo r  S^Og^" d e te rm in a tio n
Time
(min) Absorbance 10^[C r(V I)]
T i t r e
(m l) 10^[8g0g^"] 2 + logCSgOg^"]
30 0.088 1.08 _ _
60 — 2 .1 4 - - -
90 0 .253 3.22 - - —
120 - 3 .6 0 7 .33 8 .207 0.9142
150 0 .297 3 .79 - - —
180 — 3 .8 2 9.06 7.503 0.8753
210 0.299 3.82 — M
240 M 3 .84 10.65 6.881 0.8377
270 - 3 .84 1 1 . 3 6 .609 0.8201
240.
Table 129
C C r(II I)]o  = 1.000 X 10"^
[ F e ( I I ) ]  = 0.05252
5 ml sample d i lu te d  to  50 ml fo r  spectropho tom etry
[SgOg^-Do = 
CCe(IV)] =
2 ,000  X 10
0.05890
-2
Time
(rain) Absorbance 10^ [C r(V I)]
T i t r e
(ml) lo^cspO g^n 2 + logCSpOg^"]
30 0.012 0.096
60 - 0.41 16.95* 1.748 0.2425
90 0.052 0.615 — — —
120 - 0.765 2.36 1.393 0.2022
180 0.074 0 .9 0 —
210 - 0 .9 3 2 .79 1.401 0.1464
240 0.077 0 .94 — — —
300 - 0 .94 3.21 1.236 0.0920
310 0.077 0 .9 4 - - -
* 16 ml F e ( I I )S 0^
[ C r ( I I I ) ] o  = 1.000  X 10"^
[ F e ( l l ) ]  = 0.05256
Table I5O
2 -
Cs^Og^-Do =
CCe(IV)] =
3 .000 X  10
0.03890
-3
10 ml F e ( l I )S 0^ used fo r  S^Og " d e te rm in a tio n
% n )  Absorbance lO^CGrCVI)] lO^CS^Og^"] 2-2 + logCSpOg “3
30 0.022 0.225
60 - 0 .57 7.77* 2.655 0.4240
90 0,072 0.88 - — —
120 - 0,925 8.08* 2.497 0.3974
150 0.074 0 .90 — — _
180 - 0 .94 7 .22 2.286 0.3591
210 0.078 0.933 - - -
240 - 0.955 7 .63 2.125 0.3273
260 0 .077 0 .9 4 - - -
* 11 ml Fe(II)SO ^
Table 131
[ C r ( I I I ) ]o =  1.000  X 10“^ C S jO g^ 'i = 1.000  X 10"^
[ F e ( I I ) ] =  0.05127 [Ce(V D ] ts 0.03890
Time
(rain) Absorbance lO^CCr(VI)]
T i t r e
(ml) lO^Cs^Og^"] 3 + IbgLSgOg^"
30 0,015 0.065 —
60 — 0.165 4 .2 5 8.854 0.9471
90 0 .040 0 .2 3 - — —
120 — 0.335 4 .4 0 8.018 0.9040
150 0,071 0 .43 - -
180 — 0.50 4 ,5 3 7.262 0.8610
210 0.095 0 .59 -  • -
270 — 0.715 4 .68 6.256 0.7963
290 0.120 0 .75 —
241.
T a b le s  132a  -  132b show th e  r e s u l t s  o f two d u p l i c a t e  ru n s  w ith  
th e  fo l lo w in g  c o n d i t i o n s :
[Cr(III):j^  = 2.000 X 10“^ [SpOg^"]^ = 1 .OOqx 10”^
[HpSO^] = 0.250  [Na_SO,] = 0 . 166? ’
[ F e ( l l ) ]  = 0.04814 [C e(IV )] = O.O389O
(a )  5 KÜ. sample d i l u t e d  to  50 ml f o r  s p e c t ro p h o to m e t r ic  m easurem ents,
ex c e p t  f o r  th e  sam ples ta k e n  a t  10 m inu tes  which were d i l u t e d  to  25 ml;
p_
(b )  f o r  d e te rm in a t io n  5 ml F e ( I l )S O ^  s o l u t i o n  was u sed  a s  u s u a l .
T ab le  132a
Time
(min) Absorbance 10^[C r(V I)]
T i t r e
(ml) lo^csgO g^n 3 + logCS^Og^-]
10 0.005 0.005
20 - 0.025 3 .7 0 9.638 0.9840
40 - 0.06 3 .79 9.233 0.9654
60 0.014 0 .12 — — —
90 - 0 .20 3.81 8.949 0.9517
150 0.038 0 .4 3 - - -
210 - 0.575 4 .02 7.569 0.8790
240 0.053 0 .63 - - -
Tabl e 132b
Time
(min) Absorbance 10^ [C r(V I)]
T i t r e
(ml) io^[8gO g^n ,3 + logCSgOg^-]
10 0.005 0.005 —
20 - 0.015 3 .73 9.538 0.9795
30 0.007 0 .0 3 - —
4o - 0 .05  . 3 .74 9.446 0.9750
60 0.014 0 .12 — -
90 — 0.205 3 .82 8 .907 0.9497
150 0.038 0 .44 - —
210 — 0.645 3.95 7.735 0,8885
240 0.061 0 .73 — —
242,
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R ef, ( ta b le ) Time ( rain) 1 o \  (rain” *^ ) lO^A l/rao le /ra in
122 60 3.01 7.69
ICO 5.52 8.63
200 3.64 9.99
300 4.02 11.45
123 60 2.69 7.12
100 5.13 8.58
200 3.61 11.08
300 3.91 13.50
124 40 5.93 10.35
60 4.06 11.05
100 4.07 11.55
200 4.22 13.80
300 4.61 15.95
125 40 3.43 9.26
60 3.27 9 .02
100 3.50 9.77
200 3.67 12.42
300 3.83 17.12
126 40 3.28 8.92
60 3.47 9.80
100 3.66 11.36
200 3 .66 15.30
300 4.14 25.40
129 40 1.32 14.62
60 2.04 25.20
100 2.77 46.20
200 2.26 59.80
131 40 1.80 18.9
60 2.28 26.30
100 2.75 32.20
200 3.06 44.75
300 3.16 59.20
152 40 1.09 55.6
60 1.82 93.8
100 2.63 140.8
200 3.33 215.0
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Table 135
The O xidation  o f  C hroraiura(lII) S u lpha te
10% C r ( l I I ) ] o lO^R
5 '10-^ R
0.5000 4.000 0.144 —
1.000 4.000 0.315 1.45 1.76
2 .000 4.000 0.690 2.56 1.56
2 .500 4.000 0.839 5 .1 5 1.61
3.000 4 .000 0.960 3.70 1.50
4 .000 4.000 1.59 4 .94 1.41
7.500 4 .000 2.68 9 .40 1.55
10.00 4 .000 3 .56 11.9 1.45
1.000 1.000 0.303 1.33 1.67
2 .000 1.000 0.873 2.55 1.45
3.000 1.000 1.08 3 .50 1 .34
R = I n i t i a l  r a t e  o f  fo rm ation  o f Or(VI) in  m ole/1 /m in.
; 2—
R = I n i t i a l  r a t e  o f d isap p earan ce  o f  S^Og in  m o le /l/m in
‘ob,
2_
k , = The o v e ra l l  f i r s t  o rd e r  r a t e  c o n s ta n t from logCS^Og ] / t im e
p lo t s  in  u n i t s  o f min •
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C O M M E N T S
The k in e t i c s  o f  th e  o x id a tio n  o f  chrom ium (III) p e rc h lo ra te  and 
su lp h a te  by p e ro x o d isu lp h a te  seem to  have some common f e a tu r e s .  The two 
r e a c t io n s  a re  f i r s t  o rd e r  in  p e ro x o d isu lp h a te  w h ile  th e  o rd e r  w ith  r e s p e c t  
to  chrom ium (III) i s  v a r ia b le  in  bo th  cases  depending on th e  r a t io  
CS^Og^ ] / [ C r ( I I I ) ] ,  and approach ing  zero a s  t h i s  r a t i o  in c re a s e s .
The two r e a c t io n s ,  however, d i f f e r  in  t h a t  th e  redox r e a c t io n  in  a
su lp h a te  medium i s  f a s t e r  than  th a t  in  a  p e rc h lo ra te  medium. T his su g g es ts
a s  was m entioned e a r l i e r ,  t h a t  the  complexed su lp h a te  makes th e  p ro c e ss  o f
e le c t r o n  t r a n s f e r  from chrom ium (III) to  p e ro x o d isu lp h a te  e a s i e r .  M oreover,
th e  observed  o v e r a l l  f i r s t  o rd e r  r a t e  c o n s ta n t f o r  th e  decom position  o f
p e ro x o d isu lp h a te  a t  c o n s ta n t i n i t i a l  chrom ium (III) c o n c e n tra tio n , in c re a s e s
w ith  in c re a s in g  p e ro x o d isu lp h a te  c o n c e n tra tio n  (T able 113) in  th e  case o f
chromium(I I I ) p e rc h lo ra te  o x id a tio n  a s  was a lso  observed by F rennesson  and
Fronaeus, b u t we f in d  th a t  t h i s  i s  n o t th e  case in  the. o x id a tio n  o f  chromium ( I I I )
su lp h a te  in  which th e  r a t e  c o n s ta n t ten d s  to  d ecrease  s l i g h t ly  w ith  in c re a s in g
p e ro x o d isu lp h a te  c o n c e n tra tio n  (T able '^35)0 F rennesson  and Fronaeus
a t t r i b u t e d  th e  in c re a s e  in  th e  k^^^ v a lu e s  in  t h e i r  case o f  p e rc h lo ra te
media to  th e  fo rm atio n  o f  c a t io n ic  complexes between chromium ( I I I )  and
p e ro x o d isu lp h a te  and th a t  such complexed p e ro x o d isu lp h a te  w i l l  undergo
th e  decom position  v ia  th e  hydrogen io n  c a ta ly z ed  p a th  much more slow ly  than
th e  f r e e  io n . The o p p o s ite  e f f e c t  in  su lp h a te  m edia confirm s th a t  th e
e x p la n a tio n  o f  th e se  a u th o rs  i s  s a t i s f a c to r y  because in  th e se  m edia th e
su lp h a te  io n  p ro b ab ly  e n te rs  th e  in n e r  c o o rd in a tio n  sphere  o f  chrom ium (III)
io n
in  p re fe re n c e  to  th e  b u lk ie r  p e ro x o d is u lp h a te , / th u s  le a v in g  th e  l a t t e r  f r e e .
The s l i ^ t  d ec rease  in  k^^^ v a lu e s  w ith  in c re a s in g  p e ro x o d isu lp h a te  i s  normal 
f o r  p e ro x o d isu lp h a te  decom positions and i s  p ro b ab ly  due to  an io n -p a ir in g  
e f f e c t  on th e  k^ p a th  f o r  th e  decom position  o f  th e  io n .
ê66„
An a tte r rp t to  app ly  e q u a tio n  [ 154] to  th e  chromium ( I I I )  su lp h a te  
r e a c t io n  f a i l e d  to  g ive any m eaningful p lo t  w hereas in  th e  case o f  
chrom ium (III) p e rc h lo ra te  s t r a ig h t  l i n e s  p a r a l l e l  to  each o th e r  were 
o b ta in e d  a lth o u g h  th e re  was a  d if f e re n c e  between our p lo t  and th a t  o f  
F ronnesson and F ronaeus. However, on exam ination  o f  t h e i r  on ly  p lo t  
in v o lv in g  t h i s  e q u a tio n  shows th a t  a lth o u g h  d i f f e r e n t  s e t s  o f  p o in ts  l i e  in  
an approxim ate s t r a i g h t  l i n e ,  in d iv id u a l s e t s  o f  p o in ts  be long ing  to  
in d iv id u a l  ru n s  a re  c lu s te re d  to g e th e r  ex cep t f o r  one case o u t o f  tw elve 
ru n s . However, th e  same r a te  law which was o r ig in a l ly  fo rm ulated  by
(27)Fronaeus and Ostanan f o r  the  cerium ( I I I )  -  p e ro x o d isu lp h a te  r e a c t io n  
r e s u l t s  in  a  s t r a i g h t  l i n e  p a ss in g  th rough  alm ost a l l  th e  p o in ts  and a l l  
th e  s e t s  o f  p o in t s .  The v a l id i t y  o f  t h i s  r a t e  law a s  a p p lie d  to  th e  p re s e n t  
r e a c t io n  may th e re fo re  be r a th e r  d o u b tfu l .
The r e a c t io n  between chromium ( I I I )  and p e ro x o d isu lp h a te , however, 
can be tu rn ed  in to  an o rd in a ry  f i r s t  o rd e r  p e ro x o d isu lp h a te  r e a c t io n  by 
in c re a s in g  th e  r a t i o  ] / [ C r ( I I I ) ] ,  keep in g  th e  pH c o n s ta n t, th u s
making i t  independen t o f  chromium ( I I I )  and in  such a case and a t  pH> 2 
th e  mechanism m i ^ t  n o t be much d i f f e r e n t  from th a t  proposed f o r  th e  
o x id a tio n  o f  m anganese(II) in  C hapter I I .
C H A P T E R  V
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CHi\PTER V
C O R R E L A T I O N S
The th re e  r e a c t io n s  re p o r te d  in  t h i s  work seem to  belong to  
d i f f e r e n t  c a te g o r ie s  o f p e ro x o d isu lp h a te  r e a c t io n s .  The o x id a tio n  o f 
m anganese(II) i s  a  f i r s t  o rd e r  r e a c t io n  th e  r a t e  o f which i s  independent o f  
th e  c o n c e n tra tio n  o f  th e  red u c in g  a g e n t, and which shows th e  c h a r a c te r i s t i c s  
o f a  ch a in  mechanism.
The o x id a tio n  o f  n i t r i t e  io n , however, i s  a  second o rd e r re a c t io n  
which i s  f i r s t  o rd e r w ith  r e s p e c t  to  each r e a c ta n t .  The a c t iv a t io n  energy 
fo r  t h i s  r e a c t io n  (14 k ca l/m o le ) i s  much sm a lle r  th an  th a t  o f th e  
p e ro x o d isu lp h a te -m an g an ese (II)  r e a c t io n  ( 31*5 k c a l/m o le ) . The mechanism 
seems to  in v o lv e  a  d i r e c t  r e a c t io n  between th e  p e ro x o d isu lp h a te  and n i t r i t e  in  
th e  r a t e  d e te rm in in g  s te p  and because th e  two r e a c ta n ts  a re  an ions th e  
r e a c t io n  i s  c a ta ly z e d  by c a t io n s .
The o x id a tio n  o f cbp7om iura(III) does n o t seem to  obey a sim ple r a t e  
law and th e  o rd e r w ith  re s p e c t to  th e  red u c in g  agen t i s  v a r ia b le  w hile  th e  
o rd e r i s  u n i ty  w ith  r e s p e c t  to  p e ro x o d isu lp h a te . This r e a c t io n  p o s s ib ly  
belongs to  th e  c a te g o ry  o f 'O th er R e a c tio n s ' m entioned in  C hapter I .  The 
v a lu e s  o f  th e  i n i t i a l  f i r s t  o rd e r r a t e  c o n s ta n t fo r  th e  th erm al decom position 
o f p e ro x o d isu lp h a te  in  su lp h a te  media (C hap ter I I )  and phosphate media 
(C hapter I I I )  w hether o b ta in ed  d i r e c t l y  ( F ig ,6 4 )  o r i n d i r e c t ly  from th e  
in te r c e p t  o f  F ig ,63 in  which th e  i n i t i a l  r a t e  (o f  d isap p ea to n ceo f S^Og ) 
i s  p lo t te d  a s  a fu n c tio n  o f i n i t i a l  n i t r i t e  c o n c e n tra tio n , a re  2 , 6 2  x 10 ^min 
2 , 6 1  X  10*"^  min""^ and 2 , 6 l  x 10*"^  rain"*^, r e s p e c t iv e ly .  The agreem ent between 
th e se  v a lu e s  in d ic a te s  th a t  th e  su g g es tio n  p u t forw ard by some au th o rs  
t h a t  th e  th e rm al decom position  o f  p e ro x o d isu lp h a te  shows g e n e ra l a c id  
c a t a l y s i s ,  i s  p robab ly  in c o r r e c t .
269.
From what h a s  b een  d i s c u s s e d  i n  C h a p ters  I  -  IV , t h e  p o s t u l a t e d  
k in d s  o f  r e a c t i o n s  o f  p e r o x o d i s u l p h a t e  and o f  i t s  i n t e r m e d i a t e s  can  be 
sum m arised  a s  f o l l o w s  ( i f  r a d i c a l - r a d i c a l  s t e p s  a r e  n e g l e c t e d ) .
2 -
/
\
\
a l o n e
H
Ag
S b ( lV )
%2+
»
SO^ + HSO^-
> s o .- + OH +
■> A.- + SOi^ - + 30,^ -
Sb(V ) + SO4 - +
+ SO4 - + 30, 2-
« 2 " + SO4 - 4" 30, 2-
SO, S b ( lV )
HSO^ + OH
A g ‘
2+
S O ,
2 -
Sb(V ) + SO '^2 -
OH
^2%
2 -
BSO. + SO^ + 0
SO, ■> so + 0
so.
H_0 .
—  ÎIS0^~ +
In  t h i s  schem e and R^ a r e  d i f f e r e n t  r e d u c i n g  a g e n t s ,
270.
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